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ABSTRACT 
DETERMINATION OF METALLIC CONSTITUENTS IN ENVIRONMENTAL AND 
BIOLOGICAL MATERIALS 
SEPTEMBER 2012 
MONIQUE E JOHNSON, B.S., LINCOLN UNIVERSITY PENNSYLVANIA 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Julian F. Tyson 
Studies of the interaction of the relevant metal, metalloid or nanoparticulate 
species with biological systems are underpinned by the provision of reliable information 
about chemical composition of the relevant materials. Often, no methods of chemical 
analysis are available. The work described in this dissertation centers on developing 
methods to help with studies for a variety of analytes and samples. A method was 
developed for the determination of 11 trace elements (As, Cd, Co, Cr, Cu, Fe, Mg, Mn, 
Pb, Ti, and Zn) in human breast milk and infant formulas by inductively coupled plasma 
optical emission spectrometry (ICP-OES) following microwave-assisted digestion. A 
method was established for the determination of trace elements, with an emphasis on 
titanium as titanium dioxide, in snack foods and consumer products. The interactions of 
some dissolved metals, including rare earth elements, and metallo-nanoparticles (silver, 
gold, titanium dioxide, aluminum oxide, and iron) with aquatic plants were studied. After 
exposure in a variety of mesocosms, the partitioning of the elemental species between 
various compartments was quantified by ICP-MS and ICP-OES following microwave-
assisted digestion. An ICP mass spectrometry (MS) method has also been developed to 
quantify the uptake of gold and silver nanoparticles by C. elegans. Uptake of gold 
nanoparticles was size dependent, suggesting increased ingestion efficiency with 
  
xii 
 
increased particle diameter. The feasibility of discriminating between suspended TiO2 
nanoparticles and dissolved titanium by the analysis of the rapid transient signal events 
obtained from the ICP-MS instrument operated in a rapid response mode was also 
developed. Data handling parameters were established that allowed a distinction in the 
signals for nanoparticulate and standard solutions. Spikes in the signal were defined by 
distinct parameters using the mean and standard deviation, where a spike in the signal 
was defined as a signal >  + ks (k =3). This approach however did lead to a statistical 
difference in the spike signal events for solutions and nanosuspensions.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Emergence and Incorporation of Nanomaterials 
 
Nanotechnology is changing the world and the way we live, creating 
scientific advances and new products that are smaller, faster, stronger, 
safer, and more reliable.  
~National Nanotechnology Initiative 
Nanotechnology and You1 
 
The NNI, a multi-agency U.S. Government program that coordinates Federal 
efforts in nanotechnology,2 asserts “nanotechnology is the understanding and control of 
matter at the nanoscale…where unique phenomena enable novel applications.”1 Meyer et 
al.3 added to the definition that nanotechnology involves “the manipulation, precision, 
placement, measurement, modeling, or manufacture of sub-100 nanometer scale matter.”4 
The ISO Technical Specifications not only defined nano-objects,  (“materials with at least 
one dimension in the nanoscale range below 100 nm”), but also distinguishes nano-
objects by the number of dimensions in the nanometer range (detailed in Figure 1.1).5 
According to Krystek et al.,4 there are two phenomena related to the nanosize of 
nanoparticles that are responsible for the enhancement of properties as compared to their 
bulk counterparts. Exhibited in Figure 1.2, the first is a large increase in surface area and 
a high surface to volume ratio. The fraction of atoms available at the surface of particle 
increases dramatically as particle size decreases. The second phenomenon relates to the 
  
2 
 
fact that nanoparticles are in a transition region between individual atoms and the bulk 
state. 
1.1.1 Growth of Nanotechnology: economic implications  
 
The U.S. launched the Initiative in 2000, and since then, more than 60 nations 
have begun similar initiatives.6 In May 2008, John F. Sargent, Specialist in Science and 
Technology Policy Resources, prepared a Congressional Research Service Report for 
Congress. In this report, Sargent details that in 2006, global public investment in 
nanotechnology was estimated at $6.4 billion, with an additional $6.0 billion provided by 
the private sector. In 2008, the global annual R&D investment in nanotechnology from 
public and private sectors rose to an estimated US $15 billion, of which $3.7 billion was 
invested by the United States.7 The President’s FY (fiscal year) Budget provides nearly 
$1.8 billion for the National Nanotechnology Initiative, which includes an estimated $97 
million for nanomanufacturing.4 The U.S. National Science Foundation estimates the 
global market for nanotechnology will reach more than $1 trillion or more within the next 
20 years.8 
1.1.2 Nanomaterials 
 
Nanoscale materials are both found in nature and manufactured. Volcanic 
eruptions and forest fires that produce nanoscale atmospheric particles are examples of 
the production of nanoscale particles in nature. Nanoscale materials are also generated by 
welding, metal smelting, and automobile exhaust.9,10 Over the past two decades, 
manufacturers and scientists have labored to understand and take advantage of the many 
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nuances of nanoscale materials.11 With the bourgeoning nanotechnology industry, 
engineered nano-particles (NPs) are being incorporated into a number of industrial 
products, such as pharmaceuticals, solar energy panels, cosmetics, and food.12 As shown 
in Figure 1.2, in comparison to their bulk counterparts, metallo-nanomaterials exhibit 
enhanced properties such as increased surface area and reactivity, and enhanced surface 
plasmon resonance.4  
Nanotechnology has already produced advances in water purification, slow-
release of nutraceuticals, micro-encapsulation, deodorization, disinfection and cell-wall 
rupture, and increased shelf life of food.13 Over 800 everyday commercial products exist 
that are composed of nanomaterials and processes.14 Table 1 and 2 detail everyday 
commercial products that contain engineered nanomaterials, and how these materials 
have improved their function and performance. 
The determination of titanium and titanium dioxide nanoparticles will be a feature 
of the research described in this dissertation. Therefore, the next two sections will 
provide a detailed of examination of titanium and its incorporation into nanomaterials. 
1.1.3 The Surface Chemistry of Titania 
 
Bulk titanium dioxide exists in three major crystalline structures: rutile, anatase, 
and brookite; of which rutile is the most stable. Figure 1.3 displays the unit cell structures 
of the rutile and anatase forms.15 The basic building block consists of a titanium atom 
surrounded by six oxygen atoms in a more or less distorted octahedral configuration. 
Panagiotou et al.16 cited over 20 publications that have been devoted to exploring the 
surface chemistry of titania. Crystallographic data showed that on the surface of titania 
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three kinds of surface groups are exposed: single, double, and triple coordinated surface 
oxygens (TiO, TiO2, and TiO3). The charges of the surface oxygens (-1.33, -0.67, and 
0.00 respectively) were calculated using the Pauling valence bond for the Ti4+ ions. 
Therefore, the pKa for the TiO3 surface oxygens was determined to be 3.96, and thus the 
oxygens cannot be protonated within the pH range 3-12. The pKa of -18.41 for the TiO 
group indicates that the proton affinity of these oxygens is so high that in contact with 
water the TiO group is transformed immediately into the TiOH group. They concluded 
that only the following protonation/deprotonation equilibria are responsible for the acid-
base behavior of the titania surface: 
TiOH-0.33 + H+ <---> TiOH2+0.67 
Ti2O-0.67 + H+ <---> Ti2OH+0.33 
Figure 1.4 represents two possible TiO2 structures for the water cation interface. 
 French et al.17 studied the aggregation of nano-TiO2 within environmental 
samples. The point-of-zero-charge (PZC) was determined using electrophoretic mobility 
measurements. Their results indicated that divalent cations may enhance aggregation of 
nano-TiO2 in soils and surface waters and asserted that pH is a factor that will govern the 
extent of the aggregation of nanoparticles. For small particles (4.5 µm in diameter), 
micron-sized aggregates formed within 15 min when the pH of the suspension was held 
constant and the ionic strength was increased.  At all other pH values tested (5.8-8.2), 
micron-sized aggregates formed within 5 min at low ionic strength. 
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1.1.4 Titanium dioxide Incorporation into Consumer Products 
 
 A number of consumer products contain metallo-nanomaterials. Titanium dioxide 
(TiO2) is a chemically inert, semiconducting material that exhibits photocatalytic activity 
in the presence of light.18 It is widely considered to be a “natural” material, as most TiO2 
has been synthesized from the mineral illmenite, FeTiO3.  Titanium dioxide (TiO2) has 
been widely used as a pigment due to its brightness, high refractive index (detailed in 
Table 3), and about 5 million tons of TiO2 pigments are produced worldwide in 2009.19 
Nanoparticulate titanium dioxide (nano-TiO2) has increasingly been used in cosmetic and 
personal care products due to its high refractive index (n = 2.7), its resistance to 
discoloration under UV light, and due to the fact that it is less likely to cause skin 
irritation when compared to UV absorber ingredients.12 In fact, a powder with an average 
particle size of 230 nm scatters visible light, while its counterpart, with an average size of 
60 nm, scatters UV light and reflects visible light. The fact that low levels of the pigment 
are required to produce a white, opaque coating and its light-scattering properties make it 
attractive for use in a diverse number of products.18 These products include personal care 
products (sunscreens, lotions, toothpastes, shampoos, deodorants), cosmetic products 
(lipsticks, eyeshadows, hair dye, facial scrubs, nail polishes), paints, and sporting goods 
(tennis rackets, bats, golf clubs). 
As shown in Table 2 and Table 4, titanium dioxide is being utilized in a vast 
number of applications.  For years, it has been used as a non-toxic pigment, evaluated by 
various regulatory entities such as the US Environmental Protection and other bodies 
responsible for safeguarding the health of occupational workers as well as public health 
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safety.20 In the United States, TiO2 is included in the Food and Drug Association Inactive 
Ingredients Guide for dental paste, oral capsules, suspensions, tablets, dermal 
preparations, and in non-parenteral medicines. Titanium dioxide is classified as a food 
additive that may be used in the foods under the conditions of good manufacturing 
practices. Table 5 lists foods where TiO2 is permitted as an additive, as outlined in the 
Preamble of the Codex GSFA (General Standard for Food Additives).21 
A number of consumer protection agencies, federal and state organizations, as 
well as businesses have concluded that TiO2 nanoparticles are safe. Many researchers 
have challenged this assessment and data have proven that nano-TiO2 can be absorbed 
through the respiratory and digestive tract, can be absorbed through dermal layers, and be 
destructive to organs such as the lungs, liver, lymph nodes, and brain.20 The multiple 
potential exposure routes for nano-TiO2 could pose a risk to biological targets that are 
sensitive to oxidative stress damage.22 
1.2  Toxicity of Engineered Nanoparticles 
 
1.2.1 Concern for Environmental and Human Health Impacts 
 
 Although the field of nanotechnology promises to reduce the production of 
wastes, using resources more sparingly, inevitably the production, use, and disposal of 
nanomaterials will lead to their appearance in air, water, soils, or organisms.23 In spite of 
the many benefits of nanoparticles, little is known regarding their environmental and 
human health effects. Much speculation has been made about the risks presented by the 
increasing incorporation of nanomaterials into consumer products;24,25 this speculation 
  
7 
 
has in turn resulted in the establishment of several regulatory agencies. Some 
toxicologists have argued that the novel properties of nanomaterials require extensive 
assessment of their hazardous effects, while others believe that the study of the 
toxicology will become a major sub-field of nanoscience.10,26 While a myriad of studies 
and research are focused on the synthesis and discovery of new nanomaterials, and their 
subsequent incorporation, there is an urgent need for more research to prevent dramatic 
consequences of any health-oriented issues caused by nanotechnology-driven products.27  
The questions related to the safety of nanomaterials have sparked a need for the 
development of analytical methods/procedures that are sensitive, accurate, and reliable 
for assessing the fate of NPs in various biological sample types and for assessing 
potentially harmful effects. Nanotoxicological risk assessment relies on methods that 
focus on the characterization of nanomaterials, as well as in vitro and in vivo assays.28,29 
However, Laborda et al.30 argue that not only are these assays unsuitable for 
environmental samples, but that there is a lack of reliable methods to determine 
engineered nanoparticle identity, concentration, and characteristics in complex 
environmental samples, especially at environmentally relevant concentrations (ng L-1).31 
Most previous studies on the health risk and environmental impacts of nano-TiO2 
have focused on their biological effects and toxicities.32 The main mechanisms for nano-
TiO2 toxicity is the generation of reactive oxygen species (ROS) and their inflammatory 
effects. 
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1.2.2 Aquatic Toxicity Studies 
 
Federici et al.33 made one of the first toxicological assessments of TiO2 
nanoparticles on the main body systems of rainbow trout (Oncorhynchus mykiss).  
Rainbow trout were exposed to a fresh water control, 0.1, 0.5, or 1.0 mg L-1 TiO2 
nanoparticles for up to 14 days. The toxicity of nano-TiO2 was assessed through indirect 
measurements and responses in key areas of physiology in the form of a range of 
outcomes including behaviors and mortality, gill injury, hemotologyf and plasma ion 
concentrations, trace element profiles within major organs, histopathologicalg 
observations, Na+K+-ATPasel activity, and oxidative stressp (TBARS, glutathione 
content). They discovered that exposure to TiO2 nanoparticles caused gill pathologies, 
including oedoeman and thickening of the lamellae.i No major haemotological or blood 
disturbances were observed in regards to red and white blood cell counts, haemocrit 
values, whole blood hemoglobin, and plasma Na+K+-ATPase concentrations. Samples 
(digested gill, liver, skinned muscle from the flank, and whole brain) were analyzed for 
Ti, Zn, Cu, and Mn by ICP-MS, and for Ca, Na and K by flame atomic absorption 
spectroscopy. Metal levels (Na+, K+, Ca2+, and Mn2+) in tissues were generally 
unaffected; however, exposure concentration-dependent changes in tissue Cu and Zn 
levels were monitored in the brain (decreasing enzyme activity), gills and intestine.  
Aqueous exposure to TiO2 NPs did not cause mortality. Some fish at the highest 
TiO2 concentration showed loss of position holding in the water column for brief periods 
towards the end of the experiment (hanging vertically in the water column for a few 
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seconds-minute), which was indicative of fatigue or abnormal buoyancy control. 
Exposure to TiO2 NPs resulted in some increases in the incidence of oedeman in the 
secondary lamellae,i changes in mucocytek morphology, and hyperplasia in the primary 
lamellae. Overall, there was no clear treatment or time-dependent effects of Ti levels in 
the gill, liver or muscle, and only a transient but statistically significant decrease 
(Kruskal–Wallis, P < 0.05) in brain Ti concentrations compared to those of initial fish 
(but no exposure concentration-effect). 
A drawback to this study is that characterization of the TiO2 nanoparticles was 
done using only UV/Vis spectrometry and optical methods. No data were provided about 
any chemical analysis performed to reveal that their stock solutions were void of metal 
impurities and of high batch purity. They note that despite extensive sonication, a few 
aggregates of nanoparticles were still present in the stock solution. Additionally, they 
conducted Ti measurements by ICP-MS by way of a series of pilot analytical studies to 
confirm the ICP-MS response of the TiO2 nanoparticles; however, they did not include 
the results obtained. They only provide an assessment that nano-TiO2 standards gave 
linear and reproducible calibrations using concentrations ranging from 0 to 1000 µg/L 
(detection OLPLWVRIȝJ/-1). The slope of the calibration for the nanoparticles had a 
shallower slope than that for the Ti metal standards, and they found the most reliable 
isotopes for the nanoparticles were 48Ti and 49Ti. They assert that the mass spectrometer 
ICPs respond differently to nanoparticles as compared to pure metal solutions; however, 
the data are absent to support the assertion. When assessing tissue titanium concentration, 
the background levels within the control rainbow trout was at times higher than the levels 
in fish exposed to the higher doses of TiO2 nanoparticles at 0, 7, or 14 days. There was no 
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significant statistical difference between tissue concentrations of rainbow trout exposed 
to control, 0.1, 0.5, or 1.0 mg L-1 TiO2 nanoparticles. With no suitable reference particle 
controls for fish, they interpreted toxic effects with respect to the presence or absence of 
TiO2 nanoparticles and only differentiated possible effects due to particle size alone. 
Background concentrations should be factored into the assessment of nanotoxicity in this 
study. They claimed that TiO2 powder can be used as a digestibility marker in fish 
nutrition because it is not appreciably absorbed into internal organs of fish; however, no 
reference was provided for this information. 
Lovern et al.34 studied the behavioral and physiological changes in Daphnia 
magna,35,b shown in Figure 1.5, when exposed to nanoparticle suspensions, particularly 
titanium dioxide, nano-C60, and C60HxC70Hx (hydrogenated fullerenes).36 They found 
that fullerenes caused mortality at concentrations as low as 260 ppb and 50% mortality at 
460 ppb. Nano-TiO2 was toxic at 2.0 mg L-1 and caused 50% mortality at 5.5 mg L-1.  
In another study in 2007,34 they observed heart rate, hopping rate, feeding 
appendage beat frequency, and postabdominal curling of Daphnia magna by way of high-
speed cameras as a way to assess the nanotoxicity of titanium dioxide nanoparticles, 
nano-C60, and C60HxC70Hx. They note that Daphnia movement such as hopping rate 
plays an integral role in survival.37 Studying feeding appendages, such as the abdominal 
claw, which is used to clean the thoracicr legs of unwanted material, can provide evidence 
of nanoparticle accumulation.38 They concluded that exposure to both nano-C60 and 
C60HxC70Hx resulted in increased hopping frequency and appendage movement. 
Hopping frequency was impacted the greatest by exposure to C60HxC70Hx, causing 
increases in hopping by an average of 121 hops per minute. There was no significant 
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difference between nano-TiO2-exposed and nano-C60 treatments (P < 0.001). Appendage 
movements observed for organisms exposed to nano-C60 and C60HxC70Hx increased 
significantly with relation to controls, however TiO2-exposed Daphnia did not 
significantly increase feeding appendage movement. During post-exposure recovery 
period, Daphnia exposed to nano-TiO2 remained indistinguishable from the control 
during the treatment and recovery period. 
Zhu et al.39 conducted a toxicity assessment of nano-TiO2 in Daphnia magna, 
which included acute (72 h) and chronic (21 d) toxicity tests. Using immobilization 
(animals that were unable to swim within 15 s of gentle agitation of the test container 
were considered immobile) and mortality as acute toxicity test, Zhu et al. found minimal 
toxicity to Daphnia within the traditional 48 h exposure period, however high toxicity 
was found when the exposure time was increased to 72 h. Chronic exposure to nano-TiO2 
for 21 d resulted in severe growth retardation and mortality, as well as reproductive 
defects. Significant immobilization and 13% immobilization were observed at the low 
concentration of 0.1 mg L-1 (exposure time, 72 h). The 72 h EC50 and LC50 were 1.62 mg 
L-1 and 2.02 mg L-1, respectively. Daphnia magna were observed to ingest TiO2 from the 
water column and there was also clearance of the nano-TiO2 aggregates that settled to the 
bottom of the test container. Figure 1.6 exhibits the ingestion and accumulation of nano-
TiO2 by Daphnia magna, as well as the failure of the daphnids to excrete the 
nanomaterials within the exposure period. The organisms exhibited difficulty in 
eliminating nano-TiO2 from their bodies, which may interfere with food intake, growth 
and reproduction. A drawback of the study could be that no quantitative analysis was 
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performed to determine the concentrations of nanoparticles ingested by daphnids at the 
nanoparticle concentrations, which caused deleterious effects. 
Heinlaan et al.40 assessed the toxicity of nanosized and bulk ZnO, CuO, and TiO2 
to bacteria (Vibro fischeri) and crustaceans (Daphnia magna and Thamnocephalus 
platyurus). The toxicity ranking of metal oxides (both nano and bulk) to bacteria and 
crustaceans in this study were similar and as follows: TiO2 < CuO < ZnO. It was found 
that TiO2 suspensions were not acutely toxic to bacteria even at 20 g L-1 and bacterial 
growth was not impaired by further incubation in 20 g L-1 TiO2 (8 h in dark). Tests and 
assays performed demonstrated no toxicity to crustaceans, Thamnocephalus platyurus. 
However, nano-TiO2 at 20 g L-1 induced 60% mortality in Daphnia magna. They also 
found that illumination during the exposure periods increased the toxicity of nano-TiO2 
for D. magna by about 60%. It is of note that toxic effects for a number of nano-TiO2 
studies have shown acute toxicity when nano-TiO2 is illuminated.35,41 Hund-Rinke et al.40 
found that smaller TiO2 SDUWLFOHVHVSHFLDOO\WKRVHOHVVWKDQȝPLQGLDPHWHUDUHPRUH
easily ingested by daphnids. There seems to be an enormous concentration difference in 
the two studies. While Zhu et al.39 studied the effects of the exposure of Daphnia magna 
to 0.1 mg L-1 nano-TiO2, Heinlaan et al.40 exposed the organism to 20 g L-1, thousands of 
times higher in concentration. 
Nanomaterials can adsorb metals and organic materials due to their large surface 
area. Sun et al.42 showed that in the presence of nanoparticles, uptake of pollutants and 
toxins are increased within organisms, providing evidence that the toxin can adsorb onto 
the surface of the nanoparticle. They studied the adsorption of arsenic, as arsenate, onto 
TiO2 nanoparticles and the facilitated transport of arsenic into carp (Cyprinus carpio) by 
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TiO2 nanoparticles. TiO2 concentration was determined by ICP-OES, As by atomic 
fluorescence spectrometry, and ions in the water by ion chromatography. They attempted 
to explore the question: “will the accumulation of arsenic in fish be enhanced or 
diminished because of the reduction of free soluble arsenic in aqueous phase due to its 
adsorption onto titanium dioxide nanoparticles?” Three tanks were used: one control, one 
tank with an initial concentration of arsenic of 200.0 ± 10.2 µg L-1 and the last with initial 
concentration of 200.0 ± 10.2 µg L-1 and 0.160 g TiO2 nanoparticles. Fish (n = 3) were 
removed and sacrificed at days 2, 5, 10, 15, 20 and 25. They found that arsenic 
concentration in the water decreased from 200.0 ± 10.2 µg L-1 to 150.0 ± 7.6 µg L-1 due 
to adsorption onto nano-TiO2, but arsenic concentrations remained the same in tanks 
without nanoparticles. Arsenic concentration in carp that were introduced to arsenic-
contaminated water in the presence of TiO2 nanoparticle increased much more rapidly 
than in those carp in the water containing only arsenic. After 25 days, the concentration 
of arsenic in fish in tanks that contained nano-TiO2 As-contaminated water increased 
sharply to 132% more than in the fish in tanks without TiO2 nanoparticles. The order of 
arsenic and TiO2 accumulation in different parts of carp was intestine > stomach > gills > 
liver > skin and scales > muscle.  
With the widespread use of nanomaterials, there is potential for discharge into 
sewer systems. Yeo et al.,43 studied the biological effects of exposing zebrafish (Danio 
rerio, wild type), during embryogenesis and after hatching, to 10 and 20 µg L-1 nano-
silver in city water. While the control embryo group showed black colored eyes, 
vacuolated differentiating cells in the notochord, and a yolk sack that was approximately 
equal to the volume of the head, the exposed groups exhibited injuries and abnormal 
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development of the notochord. The notochord, shown in Figure 1.7, appeared to be short 
and curved in both exposure groups. Also among the effects prevalent to the exposed 
groups were edema and weakened heartbeats and some of the embryos had damaged or 
no eyes, especially in the 20 µg L-1 exposure group.  
The study also provided evidence that nanometer-sized silver unbound to another 
material could enter cells. Silver ions undergo strong binding with DNA, resulting in 
DNA damage. The abnormalities resulting in the embryos of this study may be the 
outcome of nanosized silver crossing the embryo membrane. Furthermore, Yeo et al. 
suggest that silver nanoparticles could enter the nucleus, disrupting gene expression.  
1.2.3 Inhalation Studies 
 
Most studies of the toxic effects of nanoparticles have been tailored to respiratory 
exposure within laboratory rodents in terms of lung injury, inflammation, and signs of 
tumor formation within the respiratory system.13 These studies provide evidence that 
nanoparticles can have a toxic effect within mammals; however, there is an ongoing 
debate about the details of the respiratory exposure mechanism as well as the 
characteristics of the particles used in the studies. Driscoll et al.44 utilized intratracheal 
instillations as a way of delivering the nanomaterials directly to lungs and subsequently 
investigated lung injuries. Handy and Shaw13 describe intratracheal instillation as a 
system of delivering a fine spray of solution into the lower airway by way of a syringe or 
catheter, which is advantageous in that it will deliver a specific dose of the material to the 
lung and provide a “worst case” representation of contamination.  The problem with and 
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possible criticism of this mechanism is that it does not reflect or account for lung injury 
that might occur as a result of a natural inhalation of particles.  
Inhalation studies of metal oxides have revealed the deleterious effects of titanium 
dioxide on rodents. Oberdörster and Ferin45 proved that both the anatase and rutile forms 
of TiO2 (12, 21, 230, and 250 nm) were toxic, with half times of 51-53 days in the rat 
lung at the low milligram dosage. Later in 1992, Oberdörster et al.46 demonstrated that 
the level of lung inflammation in rats was correlated with particle size, with smaller 
ultrafine TiO2 particles resulting in more deleterious effects. Warheit et al.20 employed 
the intratracheal instillation exposure route to deliver 1 or 5 mg single dose of TiO2 
particles, rods, or dots to rats and followed recovery over 3 months. Results revealed that 
exposures to nanoscale TiO2 rods and nanoscale TiO2 dots produced transient 
inflammatory and cell injury effects at 24 h post exposure and were not different from the 
effects of larger sized TiO2 particles. 
Bermudez et al.47 conducted a multi-species, subchronic inhalation study that 
compared pulmonary responses to ultrafine titanium dioxide (uf-TiO2; particles typically 
range in size from 10 to 60 nm). Female rats, mice, and hamsters were exposed to aerosol 
concentrations of 0.5, 2.0, or 10 mg/m3 uf-TiO2 particles for a period of 6 hours per day, 
5 days per week, for 13 weeks. Following this exposure period, animals were held for 
post-exposure observation and sacrificed at 4, 13, 26, and 52 weeks, at which point the 
uf-TiO2 burdens in the lung and lymph nodes were quantified. Over the course of the 
study, 4 mice, 7 rats, and 35 hamsters were lost, with evidence pointing to age-related 
spontaneous conditions such as chronic renal disease within the hamster population. Due 
to the increased mortality of the hamsters, their post-exposure period was reduced from 
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52 weeks to 49 weeks. The uf-TiO2 lung burdens within the lung lobes and lung-
associated lymph nodes were assessed by ICP-OES. Hamsters experienced lung burdens 
two-to-five fold lower than those of the rats and mice. In mice, the high-dose burdens 
decreased slowly to approximately 46% of the initial burden, whereas low and mid-dose 
burdens were at undetectable levels by the end of the recovery period. Photomicrograph 
images of rat lung cells in the high concentration-exposed group (10 mg/m3) at 4 weeks 
post exposure highlighted the presence of numerous aggregates of particle-laden alveolar 
macrophages.j Interestingly, similar images of hamster lungs showed no particle burden 
and no associated macrophage accumulation. However, with the hamsters dying as a 
result of renal disease in large numbers, an alternative theory is that that there were other 
pathways within the hamsters that the nanoparticles could have taken. Interestingly, no 
data were provided that gave evidence of any analysis of the kidneys of the hamster 
population. 
Bermudez et al. concluded that lung burdens in all three species decreased with 
time after exposure. At the end of the recovery period, the percentage of lung particle 
burden remaining in the high concentration-exposed group (10 mg/m3) was 57, 45, and 
3% for rat, mouse, and hamster populations respectively. Mice and rats had similar 
retained lung burdens at the end of the exposures when expressed as mg uf-TiO2 per mg 
dry lung, whereas hamsters had retained lung burdens that were significantly lower. The 
hamsters’ lower initial lung burdens may indicate an ability to efficiently clear particles 
from the lungs during post-exposure periods. Ultrafine TiO2 nanoparticles were 
detectable in the lungs of rats in all dose groups at the end of the post exposure periods, 
whereas this was only true for mice and hamsters in the high-dose group. The retention 
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half-times for low-, mid-, and high-dose groups showed the following: rats had half-times 
of 63, 132, and 395 days; mice had half-times of 48, 40, and 319 days; and hamsters had 
half-times of 33, 37, and 39 days. Pulmonary inflammation was persistent in mice and 
rats, while hamsters exhibited little to none over the course of the post-exposure period. 
Overall the study provided initial evidence that at this level of uf-TiO2 exposure, 
pulmonary particle overload and inflammation in rats and mice was expected and this 
inflammation included an increased number of macrophages and neutrophils,m 
progressive fibrosis in rats, as well as elevated protein and lactate dehydrogenaseh levels. 
1.2.4 In vitro Studies 
 
Li et al.48 investigated the effects of nano-TiO2 on erythrocyte cells, a dominant 
cell in blood, vital for transporting oxygen from the lungs to tissues and organs that are 
vulnerable to toxicity with deformation as well as membrane damage. Initially, they 
studied the influence of nano-TiO2 on erythrocyte sedimentation by measuring the rate at 
which suspended erythrocytes fall in a given time interval using a camera.  Erythrocytes 
that were combined in a suspension of nano-TiO2 collected into clumps and became 
totally distinguishable from control and micro-TiO2 erythrocytes, which were more 
similar in appearance to control group. They reason that the relatively quicker settling 
rate of nano-TiO2 erythrocytes implies that nano-TiO2 has the potential to influence the 
shape of erythrocytes. Further, they attribute the red color of the supernatant in the nano-
TiO2 groups to damage of the erythrocyte membrane. Ghost cells resulted from the 
breakage of erythrocyte membranes exposed to nano-TiO2.  
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Many in vitro studies have demonstrated that nano-TiO2 particles cause oxidative 
stress-mediated toxicity in cell types such as human colon cell,49 osteoblasts,50,o 
endothelia,51,c epithelia,52 ,d skin fibroblasts,53 ,e liver,54 and Salmonella bacteria.55 Given 
the vulnerability of the brain to oxidative stress damage, Long et al.56 exposed brain 
microglia to Degussa P25 nano-TiO2 (anatase and rutile titanium dioxide nanoparticles 
with a mean diameter of 25 nm) and measured cellular responses to reactive oxygen 
species with fluorescent probes. After exposing cultured microglia to nano-TiO2 with 
concentrations ranging from 2.5 to 120 ppm, they found that the nanoparticles aggregated 
rapidly in both cell culture media as well a physiological buffer used to expose the cells, 
with aggregates ranging from 826 nm to 2368 nm depending on the concentration.  Their 
data concluded that mouse microglia responded to Degussa P25 nano-TiO2 with both 
cellular and morphological expressions of free radical formation. Microglia cells 
responded to the nanoparticles by engulfing them in a defense mechanism.57 The 
concentrations in this study may be drastically higher than actual exposures. It provides a 
“worse case” scenario, and is not necessarily a realistic representation of how brain cells 
will react to chronic exposure. 
Lincoln et al.58 recently assessed the potential genotoxic effects of titanium 
dioxide nanoparticles on breast epithelial cells. MCF-7 human breast adenocarcinoma 
cells were exposed to 5 nm and 32 nm nano-TiO2 suspended in cell culture medium at 20 
ȝJP/  ȝJP/ DQG ȝJP/ FRQFHQWUations for a period of 24 h, and measured 
genotoxicity using the single cell gel electrophoresis assay, or comet assay. The comet 
assay detected DNA damage at the cellular level in the form of single- and double-strand 
breaks in DNA. Cells were stained using SYBR Green dye, visualized using fluorescent 
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microscopy, and damage was quantified using Komet image analysis software. Statistical 
analysis revealed significant DNA damage in cell cultures treated with titanium dioxide 
nanoparticles as compared to the cells in control medium. They demonstrated that 
titanium dioxide nanoparticles can cause DNA damage in human breast epithelial cells 
and they suggested that the use of these nanoparticles in consumer products should be 
carefully monitored. 
1.3  Human exposure to Titanium dioxide 
 
1.3.1 Sunscreens and lotions 
 
Sunscreens contain ultraviolet filters, to protect the skin from sunburn, cancer, 
premature aging, and photoallergies.59 Titanium dioxide and zinc oxide are known as 
“physical sunscreens,” since they do not undergo any chemical decomposition when they 
are exposed to UV radiation.60 Not only do they offer a great deal of photoprotection 
compared to other chemical sunscreens, but the transparency of TiO2 and ZnO 
nanoparticles enhance cosmetic acceptability, which is not attainable by larger-particle 
formulations. These particles reflect and scatter UV light, in addition to being transparent 
on skin and thus reducing any whiteness that may be caused by reflectance of longer 
wavelengths of light on the skin.   
Given the recent studies in regards to the toxic effects of nanoparticles to 
laboratory animals, many studies have been conducted to address concern over the use of 
nanoparticles in sunscreens. The potential for these particles, within sunscreens, to 
penetrate the stratum corneum,p shown in Figure 1.8,61 diffuse into deeper layers of the 
  
20 
 
epidermis, and be transported through the body are concerns that are firmly in the 
forefront of assessing the safety of topical applicants. Insufficient information with 
regards to safety evaluation coupled with the lack of available information; magnify the 
underlying questions and concerns.62 Microfine (nano-) TiO2 has an absorption profile, 
that is greater in shorter wavelengths, UVBt (290-329 nm)/UVAs II (320-340 nm), but 
extends into the long wavelength UVA I (340-400 nm). Microfine ZnO particles have a 
flat absorption profile, which spans UVB and UVA.60 Table 2 details the consumer 
products of which titanium dioxide is an ingredient.60 
1.3.2 Dermal Penetration 
 
One of the most critical assessments of the safety of a UV filter is skin 
penetration.58 Nash comments that in general, evaluations of dermal penetration, in vivo 
or in vitro, should be conducted on “healthy” or undamaged skin;62 however, some 
research, such as that of Tan et al.,63 uses biopsied skin samples. In many cases, 
undamaged skin samples are obtained from sources such as frozen cadavers, breast 
reduction patients, or animals. In contrast, Nash points out that there is a growing 
skepticism with regards to using undamaged skin, since this is not representative of sun 
burnt or damaged skin.63 
A plethora of sunscreen studies have been conducted with microfine (nano- ) TiO2 
and are summarized in detail in Table 6. All the studies have demonstrated that TiO2 
penetration is limited to the stratum corneum.q 
Nohynek et al.12 provided an in-depth review of the penetration of nanoparticles 
in skin studies. Penetration studies of micro-fine zinc and titanium dioxide particles are 
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among the most studied of nanoparticles.59 Tan et al.63 conducted one of the earliest pilot 
studies on the percutaneous absorption of microfine titanium dioxide particles from 
sunscreens. Tan et al. reported that the amount of Ti in the dermis of subjects was higher 
than that of the control group; however, they were unable to prove this with statistical 
confidence. Their results, while inconclusive, laid the framework for the idea that 
microfine TiO2 particles from topical applications could penetrate the dermis.  
Dussert et al.163 later determined, by transmission and scanning electron 
microscopy (TEM and SEM), that there was neither intercellular nor intracellular 
penetration of TiO2 in their study of human skin. TEM was employed again by Pflucker 
et al.64 who found that TiO2 nanoparticles were limited to the stratum corneum of human 
living skin, while Bennat and Muller-Goymann65 achieved the same result through the 
technique of tape stripping of human subjects. Lademann et al.,66 whom also employed 
tape stripping, applied 2 mg/m3 TiO2-containing sunscreen to a marked area of 160 cm of 
the left forearm 5 times on the 1st, 2nd, and 3rd day, and once on the 4th day using a 
syringe. The right forearm was treated with sunscreen not containing TiO2 microparticles, 
applied in the same manner. A series of tape strips were taken from the treated areas of 
both forearms 1 h after repetitive application. Stripping was repeated until tape contained 
no corneocytes. Schulz et al.,67 whom investigated the penetration of three different types 
of TiO2 particles (SiO2-, Al2O3-, and Al2O3/SiO2-coated), concluded that the particles 
were limited exclusively to the outermost layer of the stratum corneum regardless of the 
coating and functionality of the formulation. Cross et al.68 assessed human skin 
penetration of micronized ZnO sunscreen formulations and detected no particles in the 
lower stratum corneum or viable epidermis by electron microscopy.  
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The hair follicle is a possible pathway for penetration of nanoparticles in 
sunscreens and lotions. Lekki et al.69 reported visualization of the penetration of 20 nm 
TiO2 nanoparticles from sunscreen formulations into both human and porcine skin. They 
applied 2 mg/cm2 an array of 5% TiO2-containing formulations (hydrophobic basis gel, 
isopropylmyristate gel, microemulsion gel, and polyacrylate gel) to porcine and human 
skin by gentle rubbing and biopsies (taken from after surgery breast cancer patients; 3 cm 
x 5 cm) were taken for analysis by ion microscopy and autoradiography. Previous results 
concerning subcutaneous penetration of TiO2-containing sunscreens showed that 
penetration was restricted to the stratum corneum (the uppermost 3-5 corneocyte layers 
which are only a few µm thick). Lekki et al. found that nanoparticles penetrated several 
hundred µm deep into the hair follicles, and in some cases as deep as 400 µm by micro 
proton induced X-ray emission (µPIXE). Figures 1.9 and 1.10 show a TiO2 nanoparticle 
(shown in blue) penetration into the hair follicle of porcine skin. Figure 1.10 displays a 
transversal cut through porcine skin containing a hair follicle with radiolabelled TiO2 
nanoparticles lining the follicle. 
 These results show that the amount of TiO2 detected in measured slices taken 
from biopsied skin were variable and irregular with respect to depth. Since this study 
showed no penetration through vital tissue surrounding the follicle, they conclude that 
transfollicular pathways are not a possible route of concern. However, some follicles 
were void of nanoparticles. It is not clear whether they imaged biopsied human skin. In 
addition, the sensitivity of autoradiography with 48V-labelled nanoparticles was 
compromised due to contamination issues. A study of the clearance of these nanoparticles 
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from follicles with time would be useful. More research concerning the hair follicle as a 
potential pathway should be conducted.   
1.3.3 Human Inhalation of TiO2 
 
A recent study published in the European Respiratory Journal (ERJ),70 has 
demonstrated a concrete link between exposure to nanoparticles in adhesive paint and the 
development of severe pulmonary fibrosis. The study, conducted by Song et al., of the 
Occupational Disease and Clinical Toxicology Department in Chaoyang Hospital in 
Beijing, involved seven healthy young women, two of whom died, who were employed 
in a print plant. During the course of a few months, all of the women were hospitalized 
after suffering respiratory problems as well as what was described as itchy eruptions of 
the skin on the face and arms. Liquid effusion around the heart and lungs, that proved 
resistant to all treatments, was also found. Electron microscopy, lung biopsy tissue, and 
pleural effusion liquid results showed round nanoparticles with a diameter of about 30 
nm, and the link between the symptoms of these workers and nanoparticle exposure was 
established. Song et al. believe these particles originate in the polyacrylate-based 
adhesive paints used by the women in the course of their work. 
1.4 Ingestion: Titanium in food 
 
In 2000, Lomer et al.71 provided a particular useful overview of the use of 
titanium dioxide as a food additive in the United Kingdom. They explain that titanium 
GLR[LGHZLWKDPHDQGLDPHWHURIȝPLVZLGHO\XVHGDVDIRRGDGGLWLYHTable 5 lists 
foods where TiO2 is permitted as an additive, as outlined in the Preamble of the Codex 
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GSFA (General Standard for Food Additives).72 Bernard et al. consider titanium dioxide 
to be poorly absorbed in mammals with no adverse health effects.73,74 There is evidence, 
however, that the general inert nature and insolubility does not insure that it is harmless 
and biologically inactive. Powell et al. demonstrated that the presence of food additive 
titanium dioxide may be involved in the pathogenesis of Crohn’s disease.75,76 In 2000, 
there was no maximum specific level for the use of food grade titanium dioxide (E171), 
however, it can only be present at levels necessary to perform its purpose.77 The Ministry 
of Agriculture, Fisheries, and Food remark that food labels are not required to provide 
quantitative data concerning additives, except where the additive performs no function in 
the final product.80 The Ministry of Agriculture, Fisheries, and Food estimated an 
individual’s estimated dietary intake of titanium dioxide to be 5.4 mg d-1.80,78 Food-grade 
TiO2 is found in the size range from ten to hundreds of nanometers, with a common mean 
diameter of approximately 200 nm.80 Westerhoff et al.79 remark that although 
consumption of TiO2 leads to a negligible accumulation in people, it has been shown that 
Ti is present in human bones.80 Excreted TiO2 can potentially appear in sewage and 
wastewater treatment plants.80 
In a study performed in 1999, Soliman et al.81 determined the concentrations of 14 
elements, including Ti by neutron activation analysis, in cereals, oils, sweeteners, and 
vegetables sold in Canada. Their method was validated through the analysis of SRM 
1571 Orchard Leaves. Their results, shown in Table 7, revealed that Ti was present in 
mushrooms, olive oil, and pasta, and they attributed its presence to contamination from 
FRPPHUFLDOSURFHVVLQJ,WFDQWKXVEHFRQFOXGHGWKDW7LLVSUHVHQWLQIRRGDWȝJNJ-1 or 
low mg kg-1 levels. Contrastingly, food grade Ti is added in the mg kg-1 level. 
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In 2000, Lomer et al.71 employed microwave-assisted digestion (sulfuric acid) 
followed by ICP-OES detection for the determination of Ti in 25 foods presumed to 
contain TiO2. The accuracy of their method was assessed using a control sample of 
gelatin with embedded TiO2 as well as NIST SRM Typical Diet, 1548a. It is notable that 
their study highlights the difficulty in obtaining information about the content of food 
grade TiO2 in food products. They approached 42 manufacturers by telephone and email, 
requesting quantitative information on the TiO2 content in foods. They received 
responses from only 32 manufactures, of which only 5 provided quantitative data on TiO2 
content in their products. Three other manufactures returned responses confirming the use 
of TiO2 in a few of their products but provided no information on concentrations of the 
additive. A total of 24 manufacturers did not reply to the communication sent by the 
researchers. Of the 25 food products analyzed for titanium, 13 contained no detectable 
titanium (<2 ppb in the digested, diluted samples; in agreement with the absence of TiO2 
on the food label). The 12 remaining food products all contained detectable titanium, 8 of 
which acknowledged the presence of TiO2 on the product label. Table 8 summarizes the 
results of their analysis. All of the 5 manufacturers provided information about titanium 
content in their products that was consistent with the data and findings after analysis. 
When taking serving sizes into account, Hellman’s Italian dressing contained the highest 
concentration of TiO2 (224.7 mg per portion), an order of magnitude higher than the other 
food product in the study that contained a measureable concentration of Ti. The TiO2 
composition of the food in this study ranged from 0.045 to 0.782%. They claim that an 
individual’s daily intake of TiO2 may exceed 200 mg (or 4 x 1013 particles) from a few 
tablespoons of a single product.82 
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As a part of their study of the trace elements in the breast of mothers from the 
Czech Republic, Germany, and Poland, Wappelhorst et al.83 included information 
concerning the concentrations of the food the mothers were consuming at the time of 
sample donation. Of the elements in their study (Ag, Ce, Co, Cr, Ga, La, Mo, Nb, Ru, Sb, 
Th, Ti, and U), titanium was present in the highest concentration in the diet of the 
VXEMHFWV E\ WZR RUGHUV RI PDJQLWXGH    ȝJ G-1 which correlated to a 
concentration RIȝJNJ-1 d-1). This related to a mean titanium concentration of 300 
ȝJNJ-1 LQKXPDQPLONZLWKLQWKHVWXG\PLQLPXPȝJNJ-1PD[LPXPȝJNJ-1). 
This study contained data that indicates that the diet of the people in these countries 
contain a higher concentration of Ti, however as of now, there are not enough data from 
around the world to support this claim.  
Weir et al.84 recently studied the amount of titanium in a broad spectrum of 
commercial products with TiO2 listed as an ingredient on their label or had a white 
pigment that could be attributed to the presence of TiO2. They argue against the use of 
Evonik Degussa P25 for environmental health and safety studies and for a move toward 
the increased use E171 (food grade TiO2), since its use is more prevalent in consumer 
products. Comprehensive characterization of these food products was based on results 
obtained from dynamic light scattering, scanning electron microscopy, and ICP-MS to 
achieve They determined the titanium content of 89 foods (selected from grocery stores) 
by microwave-assisted digestion, using a 4:1:1 ratio of HNO3, HF, and H2O2, followed 
by detection by ICP-MS. Table 9 presents the titanium concentrations for the 20 foods 
with the highest titanium content per serving. They found that Dickinson’s Coconut Curd 
had the highest titanium FRQWHQW  ȝJ PJ-1). Concentrations spanned 5 orders of 
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PDJQLWXGH IURP  WR  ȝJ SHU SURGXFW :KHQ FRPSDULQJ IRRGV E\ VHUYLQJ
powdered donuts contained as high as 100 mg per serving, and the highest content was 
present in foods characterized as sweets and candies (chewing gums, chocolate, and 
products containing white icing or powdered sugar toppings). In the supporting 
information, they show that the outer shell of chewing gum could contain 1-3 orders of 
magnitude more titanium than the inner gum base. Filtration of food samples through a 
0.45-ȝP ILOWHU DOORZHG WKHP WR TXDQWLI\ WKH RI titanium that was less than 450 nm. 
Dentyne Ice Gum contained the highest percentage of titanium that passed through the 
filter, ~3.8%, and which prompted further studies. Comparison of SEM images of E171, 
P25, and the filtrate of the dissolved hard coating of Trident White chewing gum provide 
evidence that the particles of the chewing gum outer shell are of similar shape and size to 
E171. This is further evidence that P25 would not be suitable for use in the 
characterization of Ti in a food study. 
1.5 Human Breast Milk 
 
Infancy and early childhood are both critical times in development.  In the early 
stages of life, breast milk can properly provide sustenance to newborns and it is normally 
the only source of food for full-term infants during the first 4 to 5 months of their lives.85 
This is attributed to the availability of carbohydrates, proteins, fats, vitamins, and 
minerals at required concentrations, but additionally biological factors that contribute to 
health and well-being of newborns2 such as antibodies to bacterial, viral, and protozoal 
antigens.86-88 Breast milk is not homogenous, its composition varies considerably from 
mother to mother, and both composition and volume can vary over the course of the day, 
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as well as during the course of suckling.89-91 Variations in milk composition occur due to 
factors. such as the mother’s maternal trace element intake, social status, age, parity, 
place of residence, family income, length of gestation, and infant weight. The World 
Health Organization recommends exclusive breastfeeding up to 6 months of age, with 
appropriate complementary feeding until 2 years of age and beyond. Concentrations of 
elements such as selenium and iodine in breast milk are influenced by the mother’s daily 
intake; however, trace elements such as calcium, copper, iron, and zinc are minimally 
affected by maternal intake. Human milk also helps to protect against infection and aids 
in maturation of intestinal flora.  
 Concentrations of trace elements in milk are significant.92 Since tissue cell 
synthesis occurs at a rapid rate during infancy, particularly in the first five months, it is 
essential that all of the macro- and micronutrients in the milk are present at sufficient 
quantities to ensure appropriate development of the infant’s functions, organs, and 
systems.93 Minerals in milk are generally divided into two main groups: macrominerals 
and trace elements.91 Both serve different roles essential for processes such as organ 
maturation and mineralization of bone matrix. For example, with the exceptions of 
copper, iron, and zinc, the composition of most minerals in breast milk remains constant 
throughout lactation. Many studies, measuring the concentrations of trace elements in 
breast milk and milk-powdered formulas, have been made94-96 and the list continues to 
grow. A Web of Science search for “trace elements in milk” in the title of the article 
yields over 899 results spanning the years from 1938-2012. Most studies focus on the 
concentrations of toxic metals in breast milk, with hopes that these data will give insight 
into the effects of hazardous chemicals and environmental pollutants on human health. 
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1.5.1 Studies of the trace elements in human breast milk 
 
Table 10 details the major publications from 1988-2008 centered on the trace 
elemental composition of human breast milk studies in different areas of the world. Many 
researchers from all around the world have sought to use the analysis of human breast 
milk to gain an understanding of the environmental factors that influence the composition 
of human breast and the potential for exposure of children to toxic elements. To dissolve 
organic material for trace elemental determination, sample preparation typically involves 
hotplate digestion,97 microwave digestion,85,98 or wet-ashing.91,99 Techniques must be 
sensitive, accurate, and capable of simultaneous multi-element determination in order to 
be useful for measuring trace concentrations of essential and non-essential metals. These 
instrumental techniques would include, but are not limited to, atomic absorption 
spectrometry (AAS)100 flame atomic absorption spectrometry (FAAS),92,101 
electrothermal atomic absorption spectrometry (ETAAS),92 neutron activation analysis 
(NAA),102 inductively coupled plasma optical emission spectrometry (ICP-OES),103 and 
inductively coupled plasma mass spectrometry (ICP-MS).93,98, 99,104,105 
1.5.2 Sample Pretreatment 
 
Over the past 20 years or so, advances in sample pretreatment procedures have 
followed the continual development of microwave-assisted digestion technology. In an 
early application (1988) of ICP-MS for the determination of trace elements in milk, 
Emmett106 described a digestion procedure based on successive digestion with nitric acid, 
perchloric acid, and hydrogen peroxide. The method was validated by comparison to the 
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certificate values of a reference milk powder (IAEA A-11).  In a 1994 comparison of 
methods, Alkanani et al.97 concluded that the best results (i.e. agreement with the 
certificate values of a reference material) were obtained by hot plate digestion, with nitric 
acid at 70 °C, for 5 days.  However, almost all recently reported analyses have been made 
following microwave-assisted digestion with nitric acid or nitric acid and hydrogen 
peroxide. At least one research group still prefers hydrochloric acid. Kira et al.107 devised 
an ICP-OES procedure for 10 elements in whole milk and nonfat milk powders in which 
the samples were treated with hydrochloric acid and peroxide (whole milk) or 
hydrochloric acid alone (nonfat milk) in a microwave oven. They also obtained 
satisfactory results with partial digestion with hydrochloric acid on a hot plate. The 
procedures were validated by the analyses of a whole milk powder reference material 
(NIST SRM 8435) and a nonfat milk powder reference material (SRM 1549). 
Nascimento and coworkers93,108 developed a microwave-assisted digestion method for the 
determination of trace elements in Brazilian human milk by ICP-MS and by ICP-OES. 
They digested samples with both nitric acid and hydrogen peroxide and validated their 
procedures by the analysis of the infant formula reference material (NIST SRM 1846). 
This appears to be the only previous report of the use of this material to validate a method 
for the analysis of human milk. It should be noted that the values they report are based on 
the solution concentrations that would be obtained if a mass of about 0.05 g were 
completely dissolved, and that the units for the concentrations of Fe and Zn109 are 
incorrect (µg g-1 are quoted instead of ng mL-1). It should be further noted that the values 
for Mn and Se are “information” concentrations, and those for the minerals and trace 
elements are “reference” concentrations, neither of which is a “certified” value. 
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Almeida et al.104 measured the concentrations of 8 trace elements in human milk 
during the first month of lactation of Portuguese women by ICP-MS. They diluted the 
homogenized milk with nitric acid and Triton X-100 prior to nebulization. Kosanovic et 
al.98 determined the concentrations of 6 elements in Saudi Arabian human milk by ICP-
MS following closed vessel microwave-assisted digestion with nitric and peroxide. They 
validated their method by the analysis of a bovine liver certified reference material (NIST 
SRM 1577a). Wappelhorst et al.83 digested samples in a microwave oven with nitric acid 
and peroxide and validated the procedure by the analysis of a nonfat milk reference 
material (NIST SRM 1549). Krachler and coworkers85,110 determined 15 elements in 
human milk (Graz, Austria) by sector field ICP-MS after microwave-assisted digestion 
with nitric acid and hydrogen peroxide. The method was validated by the analysis of a 
certified skim milk powder material (BCR 063). Ataro et al.111 analyzed cow’s milk 
(South Africa) by ICP-MS for 6 elements following microwave-assisted digestion with 
nitric acid, only. They validated the procedure by the analysis of a whole milk powder 
reference material (NIST SRM 8435). 
1.5.3 Infant Formula 
 
A Web of Science search for the keywords, “infant formula,” and “trace 
elements,” in the topic yielded 231 results spanning from 1980-2012. Commercially 
available infant formulae, which are liquids and reconstituted powders given to infants 
and young children, can be substituted for human milk.85 Most are milk-based or soy-
based formulations, derived from animals and plants.112 The essential metals for most 
infant formulas have been added in order to meet nutritional requirements.113 
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In 2002, Ikem et al.112 explained that, despite heavy recommendations of 
breastfeeding by the American Academy of Pediatrics (AAP), most infants are fed infant 
formula by the age of 2 months.114 Further, Guttman et al. found that, in urban and 
industrialized areas of the world, mothers choose to use commercially manufactured 
formulas over breastfeeding.115 The nutritional benefits make them an ideal substitute for 
adults and children with allergies to animal proteins.116 Although many benefits arise 
from the use of infant formula, major concerns have arisen regarding its composition. 
The presence of contaminants such as heavy metals, pesticides, and polychlorinated 
biphenyls (PCBs) have been the main reasons for the attention infant formula has 
received.112 For example, soybean has not only been found to contain high levels of 
neurotoxins but also of aluminum and silicon.117 
1.5.4 Determination of titanium in Human Milk  
 
In 1964, Grebennikov et al.118 made quantitative determinations of Cu, Mn, Si, 
Al, and Ti in milk from humans (n = 30), cows (n = 24), goats (n = 24), mares (n = 16), 
and sheep (n = 28) by emission spectral analysis.  The highest titanium concentration was 
observed in mares’ milk, while goats’ milk had the lowest titanium content. They sought 
to determine the extent to which mineral constituent (ash) concentration and protein 
effects the concentration of trace elements. Their results indicate that the more quickly an 
animal doubles its birth weight, the higher the protein and ash content of the lactating 
animal. Table 11 presents the concentrations of each trace element analyzed in their 
samples, in % of ash. The order of animals in increasing ash content, as well as the time 
taken by the animal to double its birth weight, was as follows: humans < mares < cows < 
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goats < sheep. Humans take the longest time, in days, to double birth weight (180 d) and 
have the lowest ash content milk. The results generally showed that mares’ milk is the 
closest to human milk. Manganese, silicon, and aluminum concentrations within the 
animal milk of this study also followed this trend. Titanium however does not follow this 
trend; the order of titanium content in animal milk in this study was as follows: goats < 
cows < sheep < humans <mares. Unfortunately, no sample treatment and digestion 
parameters are present that would allow for easy discernment of the results in this study. 
No effort is made to explain the possible route by which titanium could be present in 
human breast milk. The researchers do remark that for artificial feeding, cows’ milk is 
taken at half strength; therefore an artificially-fed baby would receive far less copper and 
titanium than a breast-fed baby. This is the first literature report of the titanium content of 
human breast milk.  
In a study of the elemental composition of human and animal milk, Iyengar119 
reported a titanium content range of 100-ȝJ/-1. Lembrych et al.120 conducted a study 
in Poland (n = 30) and found a concentration range of 0 – ȝJ/-1. 
 Lavi et al.102 determined 10 trace elements (Cd, Co, Cr, Fe, Mo, Ni, Se, Ti, V, and 
Zn) in human serum and market milk by neutron activation analysis, with enrichment by 
coprecipitation. The detection limit for Ti (short-lived radionuclide, 51Ti; t1/2 =5.8 min) 
was found to be 180 ng, for 50 ml of market milk, and 70 ng for 1 ml of blood serum. 
The validity of the method was checked by the analyses of NIST SRM 1577 Bovine 
Liver and of milk from the International Atomic Energy Agency (IAEA A-11). Their 
results were generally in good agreement with literature and reference values, although 
for IAEA A-11 (milk reference material), their mean results for Cr and Ni were not. The 
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concentrations of trace elements from highest to lowest for both market milk (n = 20) and 
human blood serum (n = 20) followed similar trends: Zn > Fe > Ti > Se > Ni > Cr > Mo 
> Co > Cd > V.  Lavi et al. discussed the activity and role of Cr, Se, Mo, Zn, Co, Cd, Se, 
and Ni in human development and the effects related to their deficiencies in human milk; 
however they made no mention of titanium, they make no comments on reasons for the 
significant concentration of the element in both human serum and market milk. This is 
significant as it was present at the third highest concentration in both biological fluids 
(mean of 250 ± 30 ng mL-1 and 117 ± 8 ng mL-1 for milk and blood serum, respectively). 
The method entailed the determination of elements with long and short irradiation times. 
Concentration information for short-lived nuclides (Se, Ti, and V) was available in less 
than 6 min, however, there was a 6 h irradiation time for Cd, Co, Cr, Fe, Mo, Ni, and Zn, 
followed by a decay time of 72 h. Therefore, because of the long analysis time, this 
method would not be ideal for the determination of a large number of analytes and 
moreover of a large number of samples. The researchers were unable to verify the 
titanium value for human blood serum or milk, because Ti is not included in human blood 
or milk SRMs. It is clear that in the future SRMs should contain a certified value for Ti, 
especially with the increased use of Ti in consumer products and foods. 
 Anderson121 set out to provide a comparative study of 12 trace elements 
(including Ti) of the milk of guinea pigs (n = 87), cows (n = 48), horses (n = 35), and 
humans (n = 84) by inductively coupled optical plasma spectroscopy (ICP-OES). He 
found Ti concentrations at the detection limit in the milk of guinea pigs, of 0.111 ± 0.012 
µg mL-1 for cows 0.145 ± 0.008 µg mL-1 for horses, and 0.025 ± 0.02 µg mL-1 for 
humans. Wappelhorst et al.83 analyzed the milk and the diet of 19 nursing mothers from 
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various cities in Germany, Poland, and the Czech Republic by methods based on ICP-MS 
to investigate the transfer of elements from diet to milk. They found a mean titanium 
concentration of 0.30 µg mL-1 in the milk and an average intake of 71 ± 21 µg d-1 per kg 
body weight. Both of these values were the highest of all the elements measured, though 
the transfer factor was one of the lowest of the 13 elements studied (Mo had the highest 
transfer factor). Krachler and coworkers85 determined 8 essential trace elements and 7 
nonessential trace elements, including Ti, in 27 transitory and mature human milk 
samples and 4 infant formulas. The methods involved measurements by high resolution 
ICP-MS. They found a broad range of concentrations, from <2.7 to 114 µg L-1, with a 
mean of 6.3 µg L-1 in human milk. 
1.5.5 Determination of Ti in Infant Formula 
 
Many researchers have conducted studies concerning the trace elemental 
composition of infant formulas. The determination of titanium in infant formula has only 
been included in three studies. In 2000, Krachler et al.110 found that all infant formulas 
ZLWKLQWKHLUVWXG\KDGDWLWDQLXPFRQFHQWUDWLRQEHORZWKHPHWKRGGHWHFWLRQOLPLWRIȝJ
kg-1 (observed concentration for “ready to drink” infant formula: <2.7- ȝJ NJ-1). A 
2002 study performed by Ikem et al.123 centered around determining the presence of 26 
elements, including Ti, in commercially manufactured iron-fortified infant formulas from 
the Auburn, Al, USA (5 brands), London, UK (10 brands), and Lagos, Nigeria (2 brands). 
Their method was validated through the analysis of NIST SRM 8435 Whole Milk 
Powder. Mean titanium concentrations of 11 ± 3, 12 ± 4, and 21 ± 7 µg L -1 were found in 
Nigerian, UK, and USA milk-based powder formulas, respectively; while 61 ± 53 µg L -1 
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was detected in UK liquid formulas. A mean concentration of 34 ± 12 µg L -1 was present 
in USA soy-based powder formula. They estimated that the daily titanium intake for 
formulas used in their study could be as low as 13 µg/day (average of two Nigerian milk-
based powders) and as high as 67.7 µg/day (average of three UK milk-based liquid 
formulas). In 2007, Olu-Owolabi et al.122 aimed to determine 37 elements, including Ti, 
and provide elemental daily intake values for infant formula obtained from Nigeria, 
South Africa, Venezuela, USA, Italy, Germany, Denmark, and France. The researchers 
mention Ti as an element of interest, although the paper lacks concentration values, daily 
intake values, or a detection limit for it. A list of elements that were not detected in any of 
the formulas was provided, but Ti did not appear on that list.   
1.6  Plant studies 
 
1.6.1 Studies of the interaction of rare earth elements with plant studies 
 
Since 1990, rare earth elements have been widely employed as a microelement 
fertilizer to cropland due to their enhanced yields and improved quality of crops in 
China.123,124 Improvements included darker green foliage, an enhanced rate of 
development, a greater production of roots, as well as better color in fruit such as apples, 
oranges, and watermelons.125 REEs have been shown to accumulate in soils, 
bioaccumulate in crops and enter the food chain. Brown et al.126 demonstrated that rare 
earth elements could stimulate the plant growth of cereals, vegetables, fruits, and tea.  
Researchers assessed the bioavailability, speciation, and transport of REEs in soil-
plant systems.127-128 Ran et al. and Chang et al.129-130 studied the adsorption-desorption 
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behavior of REEs in soil surfaces. Hansen et al.131 developed a microwave-assisted 
digestion method requiring as little as 1-20 mg of a plant sample was developed by 203 
for the determination of Ca, Cd, Cu, Fe, K, Mg, Mn, Mo, P, S, and Zn. This method 
consisted of the trHDWPHQWRIPJRIVDPSOHZLWKȝ/RI+2O2 DQGȝ/+123. 
The method was validated using NIST SRM 1515 Apple leaves for Al, Ca, Cu, K, Mg, 
Mn, P and Zn for a 1 mg sample. Their method was applied to single rice grains and 
Arabidopisis seedlings, and yielded results comparable to that of conventional digestion 
procedures for larger samples.  
Yuan et al.125 investigated the uptake behavior of REEs (Ce, Dy, Er, Eu, Gd, Ho, 
Nd, Pr, Sm, Tb, Tm, Y, and Yb) by rice seeds cultured in a REE fertilizer solution.  After 
eight days of cultivation, the roots, germs, and seeds were collected and analyzed for 
REE concentrations by ICP-MS following decomposition a HNO3, HClO4, and HF 
mixture. Ce concentrations increased dramatically in roots and gradually in shoots. The 
REE concentration differences between the root and the stem were attributed to 
absorption ability. The concentrations were found in starch and hemicellulose residues of 
rice seeds: Ce, La, and Nd were 6129, 4828, and 3136 ng g-1, respectively.  
Cao et al.128 investigated the mechanism of REEs (Ce, Gd, La, and Y) release into 
soil including the influences of pH and redox potential on REEs release from simulated-
REEs-accumulation (SRA) soil. REE concentrations were determined by ICP-MS after 
the acid digestion of 0.1 g of dried soil with a HCl, HNO3, and HF mixture. Standard 
reference soil materials were used to check the accuracy of the method. They showed that 
the release of REEs increased with decreasing pH, the mobility of La, Gd, and Y 
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depended mainly on pH, and that REE release was positively correlated with the release 
of Fe and Mn. 
Spalla et al.132 developed an analytical method for the determination of rare earth 
elements, REEs, (Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, Tm, Y, and Yb) for the 
control of the geographic origin of tomatoes. A number of microwave dissolution 
strategies were tested:  
(Procedure A) 0.5 g of sample digested with 6 mL 65% HNO3 and 2 mL H2O2, 
kept overnight, and digested under the conditions displayed in Table 1. 
(Procedure A’) 0.5 g of sample digested with 6 mL 65% HNO3, 2 mL H2O2, and 
0.2 mL of 48% HF. kept overnight, and digested under the conditions displayed in 
Table 1.  
(Procedure B) 0.5 g of sample digested with 6 mL 65% HNO3 and 2 mL H2O2, 
kept overnight, digested for 2 h at 95 °C.* 
(Procedure B’) 0.5 g of sample digested with 6 mL 65% HNO3, 2 mL H2O2, and 
0.2 mL of 48% HF. kept overnight, digested for 2 h at 95 °C.* 
The accuracy of their procedures was assessed by the analysis of BCR 670 Aquatic Plant 
and GBW 07605 Tea Leaves. Overall, validation proved that the addition of HF 
improved the accuracy of REE determination. Procedure A’ gave by far the best 
recoveries for most elements in both reference materials. Procedure A and A’ gave better 
recoveries (and lower detection limits) for both CRMS than the open system procedures 
outline in Procedures B and B’. They remark, however that the presence of HF in 
Procedure A’ gave rise to a much higher background values than did Procedure A. 
Various evaluations of the measurement uncertainty (measurement uncertainty: 
uncertainty due (1) to the determination of the sample concentration by calibration 
function, (2) precision and repeatability, (3) volume, and (4) mass weight) did not show 
any significant differences between the two techniques (inductively coupled sector-field 
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mass spectrometry and inductively coupled quadrupole mass spectrometry) under 
investigation. This study provided the REE concentrations for tomato berries, leaves, 
stems, and roots. The assessment of distribution of these elements in different parts of 
tomato plants provides insight that can improve knowledge about uptake from soil and 
the plants’ translocation mechanism for each element.  The roots contained the highest 
concentrations of REEs, followed by leaves, stems, and berries. 
Husted et al.133 presented the determination of 73 elements by ICP-MS (Li, Be, B, 
Na, Mg, Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, 
Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Pr, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th, 
and U) in plant tissue for trace elemental fingerprinting. They developed a semi-
quantitative ICP-MS method with the following characteristics: rapid detection (<60 s) 
for more than 70 elements covering the whole mass range from 7Li to 238U, accuracy > 
70% for a maximum number of elements above LOD, and discrimination power similar 
to data obtained by full-quantitative ICP-MS when evaluated with chemometrics. 
Real samples (24 rice samples) and certified reference materials (7 CRMS) were 
digested using two different strategies. For CRMs, 250 mg of samples were digested with 
5 mL 70% HNO3 and 5 mL 15% H2O2, and diluted to 50 mL. For rice samples, 250 mg 
of samples were digested with 5 mL 70% HNO3 and 1 mL 15% H2O2, and diluted to 50 
mL. Determination of the 73 elements was accomplished in 21 s (one point per peak, 0.1 
s integration time). Validation of CRM material resulted in recoveries between 72 and 
124% for 14 elements (Mg, V, Mn, Fe, Co, Cu, Zn, Br, Se, Rb, Sr, Mo, Cd, and Ba). The 
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semi-quantitative fingerprints consisted of 30 elements based on the limits of detection as 
inclusion criteria. Fourteen of these elements were determined with an accuracy of >70%. 
A limitation of this study was that of the 73 elements determined, 41 (elements in 
bold) were not present in calibration standards and thus no calibration data was acquired 
for the quantitative determination of those elements. Instead, the concentrations of these 
elements were predicted using the corrected response factors for each element described 
in the work of Woods.134 
1.6.2 Plant studies: Nanotoxicology 
 
Lu et al.135 demonstrated that a combination of nanosized SiO2 and TiO2 increased 
the concentration of nitrate reductase enzyme in soybean, increased its abilities to absorb 
and utilize water and fertilizer, and accelerated its germination and growth. TiO2 
nanoparticles have also been shown to encourage spinach seed germination and plant 
growth.136 Contrarily, Yang et al.137 found that root elongation of corn, cucumber, 
soybean, cabbage, and carrot was inhibited by uncoated alumina nanoparticle treatment. 
Lee et al.138 studied the phytoxicity and bioavailability of copper nanoparticles to the 
plants Phaseolus radiatus and Triticum aestivum, and concluded that the growth rates of 
both plants were constrained when exposed to nanoparticles and the seedling lengths 
were negatively related to exposure concentrations of nanoparticles. Seeger et al.139 
investigated the toxicity of TiO2 nanoparticles to willow trees. TiO2 nanoparticles with 
25- and 100-nm diameter were suspended in distilled water at concentrations of 0, 1, 10, 
and 100 mg L-1 (first test) and 0, 10, 20, and 50 mg L-1 (second test). They investigated 
the effects on transpiration, growth and water use efficiency and concentrations of 
  
41 
 
nanoparticles were monitored by spectrophotometry. They found that none of the 
measured parameters were significantly changed during the test. Particles were rapidly 
lost from solution, which they attribute to sedimentation as a result of aggregation or 
adsorption to roots. The loss of nanoparticles from solution was more rapid for particles 
with larger diameter. They recommend longer duration times for experiments. 
Garcia et al.140 studied the acute toxicity of cerium oxide, titanium oxide, and iron 
oxide nanoparticles using several seeds such as Lactuca sativa, Cucumis sativus, 
Solanum lycopersicum, Spinacia oleracea, Allium porrum, and Capsicum annuum. After 
5 days of incubation (20 seeds per experiment), seed germination percentage and the root 
length of seeds were determined. Cerium nanoparticles exhibited high toxicity for all 
seeds tested at the maximum stable concentration (0.64 mg mL-1). Titanium dioxide 
nanoparticles exhibited lower toxicity. They concluded that germination tests are 
inadequate for determining nanoparticle toxicity as they are hardly reproducible. 
Feizi et al.141 investigated the phytotoxicity of different concentrations of bulk and 
nanosized TiO2 on seed germination and seedling growth of wheat. Experimental 
treatments consisted of five concentrations (1, 2, 10, 100, and 500 ppm) of bulk and 
nanosized TiO2. One hundred seeds were placed on moistened paper as four groups of 25 
seeds in Petri dishes, and 10 mL of each concentration treatment was added to each Petri 
Dish. Seedling growth, shoot length, and root dry matter were affected significantly by 
bulk and nanosized TiO2 concentrations.  
Oxidative stress or oxidatively induced damage to DNA is a proxy measurement 
for the toxicity of nanoparticles in biological systems.142 Oxidatitvely induced damage to 
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DNA bases is generated by oxygen-derived radical attack (hydroxyl radical (*OH)) on 
isolated purines and pyrimidines in the nucleotide pool and on inductive duplex DNA.  
Metal- and metal oxide-based nanomaterials have been shown to facilitate DNA damage 
in mammalian cells, organisms and bacteria. The result of oxidative stress was measured 
as the accumulation of highly mutagenic lesions such as 7,8-dihydro-8-oxoguanine (8-
OH-Gua), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), and 4,6-diamino-
5-formamidopyrimidine (FapyAde). Atha et al.142 reported that copper oxide 
nanoparticles induced DNA damage in agricultural and grassland plants. Plant seeds were 
soaked in ultrapure water for 30 min and placed in Petri dishes (20 radish seeds, 40 
perennial ryegrass seeds, or 50 annual ryegrass seeds). Bulk and nanoparticle suspensions 
were introduced to plants at 10, 500, and 1000 mg L-1 and Cu2+ ions [(CuNO3)2] at 1, 10, 
and 50 mg L-1, respectively, were added to the Petri Dishes and seeds were allowed to 
germinate for 6 days. Unadsorbed NPs, BPs, and Cu2+ ions were removed using tap water 
followed by ultrapure H2O. The measurement of DNA base lesions (8-OH-Gua, 
FapyGua, and FapyAde) was accomplished by GC/MS with isotope dilution. Copper 
uptake by plant tissues was assessed by ICP-MS following digestion of shoots. Shoots 
from control and exposure plants were digested (2cm above the roots) with a mixture of 3 
mL of HNO3 and 1 mL of HClO4 in glass vials, evaporated to approximately 0.3 mL, and 
diluted to 10 mL. 
The attack of plant DNA in the chloroplast, mitochrondrion, or nucleus by 
oxygen-derived species, *OH, would be observed as a discrete pattern of lesions, 
showing a many-fold lower accumulation of FapyAde compared to FapyGua or 8-OH-
Gua. This was the case for radish seeds dosed with increasing Cu2+ ion concentrations. 
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They found that although copper ions contributed to the lesion levels of the three DNA 
bases for nanoparticle and bulk particle exposures, the extent of accumulated DNA 
damage cannot be solely explained by ions alone, thus indicating that nanoparticles play a 
key role. All three forms of copper strongly inhibited radish seedling growth: root growth 
was inhibited by 97%, 83%, and 95% and shoot growth was inhibited 79%, 31%, and 
76% by nanoparticles, bulk particles, and copper ions, respectively. Copper uptake by 
radish shoots among the three different forms of copper showed that uptake of Cu2+ was 
substantially greater than the uptake from nanoparticles or bulk particles on a copper 
mass basis. Total copper uptake for Cu2+ ions and both particle types substantially 
exceeded the established micronutrient range of 5- ȝJ &XJ SODQW VKRRWV143 Results 
showed a reduced tolerance of perennial ryegrass to copper in ionic form or in the form 
of CuO NPs and BPs, which clearly demonstrates the strong inhibition of seedling 
growth. All forms of copper inhibited seedling growth over the entire treatment range, 
but the nanoparticles and bulk particles were especially deleterious to root development. 
1.7 Caenorhabditis elegans 
 
A globally distributed nematode species,144 C. elegans is a simple organism that 
has been widely used as a model organism in genetics145 and toxicology. Easily cultured 
on agar, with an average lifespan of two to three weeks at 20 °C, C. elegans provides 
researchers with a tractable platform for quickly testing chemical effects on a simple 
multicellular organism.146 Despite its simplicity, the C. elegans genome is 60-80% 
genetically homologous to humans,147 making it an invaluable tool, because many disease 
pathways are conserved between C. elegans and higher organisms. Additionally, 12 out 
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of 17 known signal transduction pathways are conserved in C. elegans and humans.148 
Cultivating nematodes in adverse environments allows the observation of physiological 
and behavior effects, such as changes in feeding, locomotion, lifespan, reproduction, and 
morphology.147 Their optically transparent bodies make them suitable for in vivo bio-
imaging, allowing visualization of uptake of potential pollutants, such as nanoparticles 
and other toxins.149,150 Work with C. elegans has led to discoveries in neuroscience, 
development, signal transduction, cell death, and RNA interference.150 
1.7.1 C. elegans as models in toxicological studies 
 
 C. elegans has recently been used as a model organism for toxicological studies of 
engineered nanomaterials including zinc oxide,151,152 titanium dioxide,152 copper,153 
silver,144 and nanodiamonds,149 revealing significant toxicity in many cases with the 
exception of nanodiamonds. Xing et al.152 found that ZnO, Al2O3, and TiO2 nanoparticles 
and their bulk counterparts were toxic, causing inhibition of both growth and the 
reproductive capability of C. elegans. The 24-h LC50 values (the concentration of a 
chemical that will kill 50% of a sample population) were found to be 80 mg L-1 for nano-
TiO2 and 136 mg L-1 for bulk TiO2. Bulk TiO2 did not show any toxicity (decrease in 
body length, number of eggs inside worm body, or number of offspring per individual C. 
elegans) to the nematode until concentrations were higher than 96 mg L-1, while TiO2 
nanoparticles showed significant toxicity at 48 mg L-1 compared to the control. 
Nematodes in the control population produced between 28 and 32 eggs per worm, with 
between 11 and 12 eggs inside the worm body; whereas nematodes exposed to 48 mg L-1 
nano-TiO2 produced 3 to 6 eggs per worm, with between 5 and 7 eggs inside the worm 
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body. Nematodes exposed to 168 mg L-1 nano-TiO2 produced no eggs or offspring and 
ZRUPERG\OHQJWKGHFUHDVHGIURPȝPFRQWUROWRȝP0H\HUHWDO.144 
observed significant aggregation of AgNPs in C. elegans, as well as transgenerational 
transfer of nanoparticles (shown in Figure 1.11 B). Meyer et al. employed darkfield 
microscopy combined with CytoViva visible and near-infrared (VNIR) hyperspectral 
imaging to show that AgNPs were found in the pharynx and gut of exposed C. elegans 
(Figure 1.11A) and Figure 1.11C exhibits the presences of AgNPs inside C. elegans as 
well as adsorbed to worm bodies. This can be compared to the hyperspectral images of 
non-exposed nematodes, shown in Figure 1.11E, which did not take up AgNPs. They also 
observed dissolution of the silver in the medium and concluded that part of the resulting 
toxicity of AgNPs was mediated by ionic silver. Although many studies have been 
conducted detailing the toxic effects of NPs on C. elegans, there are no published 
quantitative NM uptake data as related to NM ingestion. 
1.8  Single-particle ICP-MS of metallonanoparticles 
 
1.8.1 Theoretical Framework 
 
Although reports of single-particle analysis by plasma spectrometry first appeared 
in 1988,155 the potential for application toward the characterization of nanoparticulate 
material by ICP-MS has been developed by Degueldre and co-workers in a series of 
papers dating from 2003.156-159 They have applied the method to the characterization of a 
variety of metallonanoparticles including, alumina, titania, thoria, and zirconia, as well as 
of ferric hydroxide and gold. With the instrument in “time scan” mode, the transient 
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signal produced by the flash of ions due to the ionization of a colloidal particle in the 
plasma can be detected and recorded. The frequency of the flashes is proportional to the 
concentration of suspended particles, and the intensity of the signal is related to the size 
of the particle. 
Degueldre et al.156-159 laid the theoretical framework for single-particle ICP-MS. 
Laborda et al.30 later provided more detailed theoretical framework for defining the 
intricate parameters for using an ICP-MS to elucidate the comparative differences 
between aqueous solutions containing dissolved metal ions and nanoparticle suspensions. 
Houk et al.160 defined the ion density, , of a water stream as:  
 (1) 
where No is Avogadro’s number, is the nebulization efficiency of the sample (usually 
about 2% or 0.02), F is the solution uptake rate (typically 1 mL min-1), MM is the 
molecular weight of the metal, Q is the aerosol gas flow (typically about 16 cm3 s-1 or 
1.01 min-1), and the ratio  (= 300 K/5000 K).  
However, when a solution, of an analyte mass concentration CM, is nebulized, the 
LRQGHQVLW\ȘaM+), is defined as: 
 (2) 
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where  and  are the nebulization efficiency and ionization efficiency, Aa is atomic 
abundance of the monitored isotope, Qsam is the sample flow rate, Qneb is the nebulization 
argon flow rate, To is the temperature of the room, Tgas is the temperature of plasma gas 
kinetic temperature, NAv is Avogadro’s number, MM is the atomic mass of the metal, and 
CM is the mass concentration. The signal R, which is expressed as ions counted per unit 
time (counts per second), is obtained by relating ion density to the arrival of ions to the 
MS detector:160 
 (3) 
where  represents the transmission efficiency through the mass spectrometer and the 
interface, Go is the sampler cone flow rate, and ݊௢ is the plasma number density. When 
acquiring measurements in time resolved mode, a number of readings (n) are performed 
over the total acquisition time. In the case where one point per spectral peak and one 
sweep per reading is selected, each reading lasts a period equal to the dwell time (tdwell). 
The average count rate R is obtained by the summation of the ions counted per reading 
(ri) along each reading period: 
 (4) 
where r represents the average counts per reading. Dwell times of less than 10 ms are 
ideal for single-particle detection. Equation (3) thus becomes,  
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 (5) 
When a dilute colloid suspension is nebulized, it is assumed that 1 micro-drop carries one 
colloid with 105 – 106 micro-drops remaining colloid-free. For a colloid suspension of 
metal M, its mass concentration, is expressed as: 
 (6) 
where d represents the nanoparticle GLDPHWHUȡLVWKHGHQVLW\RIWKHPHWDODQGWKHNNP is 
the nanoparticle number concentration. Upon nebulization, the frequency of nanoparticles 
reaching the plasma (FNP) is presented as: 
 (7) 
Single-particle detection requires sufficiently dilute suspensions where just one particle is 
detected per reading. Equation (7) then becomes: 
 (8) 
where FNP represents the number of nanoparticles detected in the reading time tdwell. The 
signal corresponding to a single nanoparticle (rNP) is obtained by rearranging equations 
(5) and (6): 
 (9) 
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1.8.2 Single-particle ICP-MS studies of metallonanoparticles 
 
In a feasibility study, Degueldre et al.156 carried out single-particle measurements 
with model colloids. TiO2 colloids were detected at 48Ti+. There are several potential 
isobaric interferences: 48Ca+ (0.2%; negligible concentration found in solution), 96Zr2+ 
(2.8%; there was no Zr in the solution), 31P16O1H+ (99.7%; only possible for phosphoric 
acid solutions), 14N16O(1ܪଶଵ଺O)+ (99.2%; solution was no spiked with nitric acid) and 
24ܯ݃ଶା (62.9%; only possible for concentrated Mg solutions). Pretests of 47Ti and 50Ti, 
7.3% and 5.4% isotopic abundance respectively, however 48Ti+ was the isotope they 
chose to monitor. Figure 1.12A presents the typical mass 48 (s48) signals as a function of 
time obtained for a dilute rutile TiO2 colloidal suspension (Degussa, poly-dispersed with 
a mean size of 400 nm). A scan of 2000 readings corresponded to a period of 20 s with a 
measurement every 10 ms and 9% standby (allows the detector to recover). They also 
employed single-particle ICP-MS to the analysis of alumina (Al2O3, Degussa, median 
size around 150 nm), goethite (FeOOH produced in the laboratory, median size 400 nm), 
and montmorillonite clay material (10.5 wt% Al, natural colloids). Figure 1.12C and 
1.12D present results of the analysis of clay colloids by single-particle ICP-MS.  While 
this paper demonstrated spikes in the signals for nanosuspensions, they do not, however 
provide signals obtained for a blank or single elemental solution with dissolved metal 
ions which would confirm the events as a phenomenon unique to colloidal suspensions. 
They also plotted the signal frequency (f(s48)) against the signal in time scan mode for all 
nanosuspensions analyzed.  Figure 1.13A, B, C, and D represent those histogram plots.  
Figure 1.12A displays 2000 replicate measurements of a Ti colloidal suspension. The 
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“spikes” in the signal reflect the transient signals induced by the flashes of ions at the 
detector.  
A majority of the signal counts occur between 5 (corresponding to the 
contribution from the water stream) and 500 counts per 10 ms (corresponding to the 
colloidal suspension injected into the water stream), however there are a great number of 
events (~16) that occur at signal intensities greater than 2000 counts.  It would be 
expected that the alumina colloidal suspension (Figure 1.12B) would behave in the same 
fashion, however “spikes” in the signal are only frequent after 15 s of analysis, however 
they remark that the particle sample was recorded after blank background (first 13 s). The 
clay colloidal suspension appeared to contain more Al particles when observing Figure 
1.13C, with the signal ranging from 10 to 1 x 107 counts per 10 ms. Interestingly, the y-
axis all the histograms presented reflect the frequency times a factor of 20.  
 Degueldre and colleague continued to expound upon the findings of their 
feasibility study by analyzing ZrO2 (100 nm in size),158 ThO2 (dilute suspension; filtered 
WKURXJKȝPSRUHPHPEUDQH157 and Au nanoparticles (sizes ranging from 80 to 250 
nm)159 by single-particle ICP-MS. In all their studies, the intensity of the signal was 
determined by the size of the particle and the frequency of the flashes was directly 
proportional to the concentration of the particles in the initial colloidal suspension. 
Figures 1.14, 1.15, 1.16, and 1.17 represent the results of these studies. Thoria stock 
suspensions were prepared in the laboratory from milled Aldrich thoria powder. 
Nanosuspensions that were analyzed by single-particle ICP-MS was diluted by a factor of 
1.25 x107 followed by a filtration step. This suppressed the intensity, in counts per 10 ms, 
of the ion flashes considerably for this study.157  
  
51 
 
For the zirconia study, note that the signal for mass 90 (S90) and mass 94 (S94) 
were cross-detected over 20 ms (10 ms wLWKȝVGHWHFWLRQIRUPDVVIRUWLPHV
IROORZHGE\PVZLWKȝVGHWHFWLRQ IRUPDVV IRU WLPHV )LJXUH1.14). The 
peaks for mass 90 and 94 are not simultaneous, but are comparable because the signal of 
the ion flash generated by the ionizHGFROORLGFORXGLVVKRUWHUWKDQȝV158  
Laborda et al.30 assessed the analytical performance of single-particle ICP-MS for 
the identification, characterization, and quantitation of dissolved silver and silver 
nanoparticles in aqueous suspensions (20 ± 5, 60 ± 5, 80 ± 7, 113 ± 8 nm particles). They 
chose a dwell time of 5 ms, with 20,000 readings per replicate, and a settle time of 3 ms 
(a total integration time of 100s). Figure 1.17A, C, and D represent signals recorded as a 
function of time for ultrapure water, Ag(I) solution of 300 ng L-1, and 113 nm silver 
nanoparticles.  For the silver nanoparticle suspension, a large number of spikes above the 
baseline were observed, whereas these spikes were absent for the Ag(I) solution.  
 The signal distribution for the Ag(I) solution shows a narrow distribution between 
0 and 50 counts per 5 ms. For the nanoparticle suspension, they make two distinctions in 
the signal distribution: (1) at low counts, there is a Poisson contribution attributed to the 
background or dissolved silver ions, and (2) at higher counts, the contribution is of 
nanoparticles (lognormal distribution). Laborda et al.’s lognormal distribution was based 
on results from Kiss et al.195 The signal distribution for nanosuspensions should follow 
the size distribution of the nanoparticles counted (usually lognormal). They make the 
suggestion that dwell times be low (less than 10 ms) to ensure detection of a single-
particle per dwell time. A drawback of their research is that with 20,000 replicate 
measurements, total analysis times are upward of 5 minutes per sample. This is not ideal 
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for high throughput characterization of nanoparticles, since data processing would 
extremely labor-intensive.  The same data can be generated with 1,000 replicates. In this 
study, Laborda et al.30 was also able to use this data generated by this technique to 
distinguish between nanoparticles of different diameters (40 and 80 nm Ag nanoparticles; 
both at 1 x 108 L-1) within the same mixture. 
Qualitative and quantitative information can be obtained using single-particle 
ICP-MS. According to Laborda et al.,30 the methodology can provide information about: 
the presence of dissolved silver and/or silver nanoparticles, the size distribution or mass 
distribution per nanoparticle, the mass concentration of dissolved silver and silver 
nanoparticles, and the number concentration of nanoparticles no matter their size. 
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1.10 Chapter 1 Tables 
 
Table 1.1: Commercial products that contain engineered nanomaterials to enhance their 
function11 
 
Type of Nanomaterial 
Products that where the 
nanomaterial is commonly 
found 
Enhancement Function 
Polymer composite 
materials 
Baseball bats, tennis rackets, 
motorcycle helmets, automobile 
bumpers, luggage, power tools 
Lightweight, stiff, durable, and resilient 
Surface treatments Fabric Resistance to wrinkling, staining, bacterial growth 
Thin films Eyeglasses, computer and camera displays, windows 
Water-repellant, antireflective, self clean-
ing, resistant to ultraviolet or infra-red 
light, antifog, antimicrobial, scratch-
resistant, or electrically conductive 
Additive ingredient 
Cosmetic products: sunscreens, 
clean-sers, complexion treat-
ments, creams and lotions, 
shampoos, and specialized 
makeup 
Greater clarity or coverage 
Nanosensors for food Plastic packaging 
Minimizes carbon dioxide leakage out of 
carbonated beverages; minimizes the 
growth of bacteria to keep food fresher and 
safer for longer periods of time; can warn 
against spoiled food and detect salmonella, 
pesticides 
Household products 
Antibacterial cleansers, 
specialized paints and sealers, 
air purifiers and filters, stain 
removers, degreasers 
Improved performance 
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Table 1.2: Titanium Dioxide Containing Consumer Products 
 
Type of Product Classification Number of products 
Cosmetics Lipsticks 1,534 
 Lip glosses 1,166 
 Foundations 1,424 
 Eye shadows 1,200 
 Mascaras 799 
 Concealers 561 
 Facial powders 518 
Hair Color an bleaching products 595 
Sunscreens SPF products 846 
Arts and Crafts Rust protectors, textures, and glues 20 
Automotive 
Products 
Enamels, ceramics, 
and sealers 22 
Home 
Maintenance 
Tile caulk, paints, 
glosses, epoxies, and 
primers 
>600 
Home Office Laser jet toner, correction fluid, 19 
Personal care Lotions >11 
 Soaps (bars and antibacterials) >31 
 Toothpastes >66 
 
 
 
  
  
72 
 
 
 
 
 
 
 
Table 1.3: Refractive Index of TiO2.19 
 
Form of TiO2 Refractive Index 
Į- TiO2 (rutile) 2.908 
ȕ- TiO2 (anatase) 2.488 
Ȗ- TiO2 (brookite) 2.7004 
TiO2 (rutile) 2.9467 
TiO2 (anatase) 2.5688 
TiO2 (brookite) 2.809 
 
  
  
73 
 
Table 1.4: Brands and Companies that use TiO2 as an Ingredient in their Products. 
 
Rank Brand Number of Products Company 
1 L'Oréal 1,381 L'Oréal 
2 Revlon 1,052 Revlon Consumer Products 
3 Clairol 850 Procter & Gamble 
4 Cover Girl 796 Procter & Gamble 
5 Neutrogena 739 Johnson & Johnson 
6 Avon 553 Avon Products 
7 Maybelline 525 L'Oréal 
8 Boots 380 Boots Healthcare USA 
9 Garnier 318 L'Oréal 
10 Healing-Scents 303 Healing-Scents.com 
11 Almay 301 Revlon Consumer Products 
12 Olay 290 Procter & Gamble 
13 CVS 290 CVS Corporation 
14 Elizabeth Arden 286 Elizabeth Arden, Inc. 
15 Max Factor 277 Procter & Gamble 
16 Philosophy 270 BioTech Research Laboratories 
17 The Body Shop 269 L'Oréal 
18 Dove 268 Unilever 
19 Vincent Longo 262 Vincent Longo, Inc. 
20 Esteé Lauder 234 Esteé Lauder 
21 Zosimos Botanicals 223 Zosimos Botanicals, LLC 
22 Suave 222 Unilever 
23 Peter Thomas Roth 210 Peter Thomas Roth Labs 
24 Pantene 209 Procter & Gamble 
25 Jason Natural Cosmetics 203 Hain Celestial Group, Inc. 
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Table 1.5: Foods containing Titanium Dioxide as outlined in the Preamble of the Codex 
GSFA.72 
   Food Category         
Dairy-based drinks, flavored 
and/or fermented chocolate 
milk, eggnog, yogurt, whey-
based drinks 
Milk: condensed milk, analogues 
(plain), cream analogues  Seasonings and condiments 
Cheeses: unripened, 
ripened, processed, 
analogues 
 Dairy based desserts  Vinegars    
Spreads: fat spreads, diary 
fat, blended Pudding  Mustards  
  
Fruits and Vegetables: 
canned and bottled Fruit or flavored yogurts  Soups, sauces, and broths  
  
Seaweed spreads, nut, 
seed purees   Edible Ices: sherbet and sorbet  
Salads and sandwich 
spreads  
  
Peanut butter   Confectioneries     
Cereal and starch 
based desserts: rice 
pudding, tapioca 
pudding 
  Breakfast cereals  Yeast and like products   
Fully preserved 
(fermented or canned 
fish products): 
mollusks, crustaceans, 
echinoderms 
  Pre-cooked pastas and noodles Food supplements    
Process meat, poultry, 
and game products in 
whole pieces or cuts 
  Table-top sweeteners: high-intensity sweeteners  
Beer, sports drinks, malt 
beverages, distilled 
spirituous beverages 
containing more than 
15% alcohol 
   
Coagulated egg 
products, preserved 
eggs, including 
alkaline, salted and 
canned eggs 
  Dietetic formula for slimming purposes and weight reduction  
Aromatized alcoholic 
beverages: beer, wine 
(other than grape), 
spirituous cooler 
beverages, low alcoholic 
refreshers 
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Table 1.6: Summary of Sunscreen Studies (continued onto next few pages) 
 
Study Particle  Technique Results Reference 
The percutaneous 
absorption of 
microfine TiO2 
from sunscreens 
Microfine 
TiO2 
Subjects applied sunscreen 
containing 8% microfine TiO2 to 
the skin surrounding a lesion to be 
excised  
Subjects provided a 4mm punch 
biopsy for analysis  
10 cadavers were used to provide a 
background level for TiO2 normally 
present in skin 
 
Levels of Ti in the 
dermis of subjects who 
applied sunscreen 
containing microfine 
TiO2 to their skin were 
higher than levels 
found in cadavers 
significance  
No penetration through 
living skin was found 
63Tan, et al. 
     
In vitro study of 
percutaneous 
absorption of Zn 
and Cu from five 
topical 
formulations 
Microfine 
ZnO 
Compared cutaneous bioavailability 
and percu-taneous absorption of 
zinc and copper from 3 emulsions 
and 2 ointments 
After 72 h, 
percutaneous 
absorption of Zn from 
oint-ments containing 
ZnO and ZnSO4 was 
found to be lower than 
that of a ZnPC-
containing emul-sion 
 161Pirot, et al. 
   All formulations used 
caused an increase in 
Zn and Cu 
concentrations in 
whole skin and 
epidermis 
 
     
An electron 
microscopial 
approach to 
efficacy 
screening of 
physical 
sunscreens 
TiO2 Investigate spatial distribution of 
ultrafine TiO2 crystals in different 
sunscreen formulas 
Effectiveness of a 
physical sunscreen is 
related to regular and 
uniform coating of the 
stratum corneum with 
mineral ingredient 
162Dussert, et 
al. 
  Analyzed the microstructure of the 
TiO2 dispersion in different creams 
  
  TEM and SEM   
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Study Particle  Technique Results Reference 
Zinc and titanium 
diox-ides as 
promising UV-
absorbers 
20% TiO2 Suspensions of ZnO and 20% 
TiO2, castor oil, or polyethelene 
glycol were applied to rabbit skin 
over 4 h (1 day) or 2 h daily (3 
days) 
Percutaneous absorption 
of metal oxides was low, 
remaining mostly on skin 
surface 
162Lansdown, 
et al. 
  Skin was analyzed for metal 
uptake 
More microfine zinc was 
taken up by the skin 
subcutaneously 
 
     
Quantity of 
sunscreen used by 
European students 
 2 double-blind randomized trials 
in 5 different places in Europe 
Most consumers do not 
benefit from the SPF 
indicated on sunscreen 
bottles 
163Autier, et 
al. 
     
Sunscreen 
reapplication 
 Public health agencies suggest 
reapplying sun-screen every 2 to 3 
h 
Using a sunscreen that is 
readily removed from the 
skin achieves little in the 
way of sun protection 
regardless of when it is 
reapplied 
 164Diffey, et 
al. 
  Used a mathematical model that 
took into account typical amounts 
of sunscreen application and 
sunscreen substantivity to 
determine what influences 
photoprotection provided by 
sunscreen 
Sunscreen users should 
apply sunscreen liberally 
to exposed sites 15 to 30 
min before going out into 
the sun, followed by 
reapplication to those sites 
15 to30 min after sun 
exposure begins 
 
  Fluorescence Spectroscopy   
Sunscreen 
application and beta 
carotene sup-
plementation in the 
pre-vention of solar 
keratoses 
 Solar keratoses are among the 
strongest determinants of skin 
cancer, but little is known about 
the success of measures to control 
these skin tumors 
Daily application of 
sunscreen retarded the rate 
of SK acquisition among 
adults in subtropical 
environment, while a beta 
carotene supplementation 
had no influence on the 
occurrence of SKs 
165Darlington, 
et al. 
  Participants were randomized to 
daily use of sunscreen application 
of sunscreen at their usual 
discretionary rate and assigned to 
take either one 30-mg tablet of 
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Study Particle  Technique Results Reference 
Sun protection 
persis-tence during 
a day with physical 
activity and bathing 
 
2 mg/cm2 Six areas on the back of 24 
volunteers were treated with 
either an organic or an inorganic 
sunscreen  
Volunteers were exposed to a 
simulated beach 
SPFs of organic and 
inorganic sun-screens 
were reduced by 38% and 
41% after 4 h and 55 and 
58% after 8 h 
166Bodekaer, 
et al. 
  UVB radiation was phototested at 
30 min, 4 and 8 h prior to 
sunscreen application 
  
  Sun Protection Factor (SPF) was 
calculated 
  
     
Particles in 
sunscreen product 
0.1-0.2 µm 
TiO2 P25 
and rutile 
Separated nanoparticles and then 
to fractionate 
Ti concentration profiles 
obtained by ICP-AES 
correlated with UV 
signals 
167Contado, et 
al. 
  Nanoparticles extracted from 
commercial sunscreen  
F1FFF separations were detected 
by UV and 
  
  Ti content was measured sub-
sequently by ICP-AES 
  
  UV-Vis   
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Table 1.7: Concentration of titanium, in mg kg-1, fresh foods sold in Canada.81 
 
Asparagus <4 
French beans <1 
Whole wheat bread <12 
Cabbage <2 
Carrot <26 
Rye flour <4 
Wheat flour <4 
Honey <1 
Lemon <2 
Lettuce <2 
Mushrooms 5.5 ± 1.0 
Olive oil 0.8 ± 0.2 
Vegetable oil <1 
Onion <2 
Pasta wheat 7.5 ± 1.8 
Potatoes <5 
Rice brown <4 
Rice white A <4 
Rice white B <4 
Spinach <4 
Strawberry jam <1 
Brown sugar <4 
Tomato <3 
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Table 1.8: Titanium dioxide content of foods analyzed by acid digestion and ICP-OES or 
obtained from the manufacturer.71 
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Table 1.9: Titanium concentrations per recommended serving size (mg) and per unit product 
8QLWVȝJPJRUȝJP/84 
 
Food Description 
Titanium Content in 
µg/mL 
Dickinson's Coconut Curd 3.59 
Mentos Freshmint Gum 2.64 
Hostess Powdered Donette 2.42 
Good and Plenty Candy 2.08 
Kool Aid Blue Raspberry 1.69 
Eclipse Spearmint Gum 1.64 
M&Ms Chocolate Candy 1.25 
Albertsons Vanilla Pudding 1.00 
Betty Crocker Whipped Cream Frosting 0.92 
M&Ms Chocolate with Peanuts 0.85 
Trident White Peppermint Gum 0.74 
Jello Banana Cream Pudding 0.61 
Dentyne Ice Peppermint Gum 0.58 
Kool Aid Lemonade 0.56 
Mothers Oatmeal Iced Cookies 0.53 
Lemon Lime Powerade* 0.37 
Albertsons Mini MarshMallows 0.31 
Shamrock Farms Fat Free Milk* 0.26 
Wishbone Ranch Dressing* 0.19 
White Cherry Powerade* 0.19 
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Table 1.10: Demographical Trace Elemental Studies on Human Breast Milk (continued onto next few pages) 
Location Number of Subjects Elements of interest 
and technique 
Results Reference 
MissouriM 6 women; first 5 
months of lactation 
Ba, Cu, Fe, Si, Sr, and 
Zn 
Wet-ashing 
Ti found in 56 of 81 samples at a mean 
concentration of 0.33 mg L-1, Ba: 0.006-0.28 
mg L-1, Cu: 0.10-0.38 mg L-1, Fe: 0.17-0.34 
mg L-1, Si: 0.06-1.12 mg L-1, Sr: 0.03-0.11 
mg L-1, Zn: 1.15-3.43 mg L-1  
Al, Li, Mn, and Ti detected in some, but not 
all samples 
121Anderson et al. 
FranceM 82 women; samples 
collected on delivery 
date until 7 d 
postpartum 
Cu, Fe, Mn, and Zn 
FAAS and ETAAS 
Cu concentrations remained constant from 
delivery date to day 7; postpartum: Fe: 7.9 ± 
ȝJ/-1 WRȝJ/-1, Mn: 12.0 ± 5.6 
ȝJ/-1WRȝJ/-1=QȝJ
L-1to 5.0 ± 1.4 ng L-1 
168Arnaud et al. 
TaiwanM 211 samples; 20-30 yrs Ca, Cu, Fe, Mg, and Zn 
 
ICP-OES 
Ca: colostrum 221 ± 8 mg L-1, transitional 
230 ± 16 mg L-1, Cu: colostrum 0.27 ± 0.02 
mg L-1, transitional 0.34 ± 0.04 mg L-1, Fe: 
colostrum 0.22 ± 0.02 mg L-1, transitional 
0.25 ± 0.03 mg L-1, Mg: colostrum 28.7 ± 1.1 
mg L-1, transitional 27.2 ± 2.0 mg L-1, Zn: 
colostrum 4.6 ± 0.27 mg L-1, transitional 2.53 
± 0.34 mg L-1 
103Lin et al. 
Newfoundland, 
CanadaM 
Premature (n = 24); full 
term (n = 19); 1st 3 
months of lactation 
Ba, Cd, Ce, Co, Cu, Cs, 
La, Mg, Mn, Mo, Ni, 
Pb, Ru, Sn, Sr, and Zn 
Wet-ashing 
ICP-MS 
Ca and Pb were lower in premature milk 
Mo in both premature and full term milk 
showed a decrease with time 
99Friel, et al. 
  
82 
 
Location Number of Subjects Elements of interest 
and technique 
Results Reference 
KuwaitM,P 34 donors; 17 Kuwaitis, 
17 non-Kuwaitis; 25-40 
yrs; 0-18 months of 
lactation 
Se 
Gel-column 
Se in milk and plasma were higher in 
Kuwaiti group during 1st 12 year of lactation; 
major chemical forms of Se: 
selenomethionine 
169Al-Awadi et al. 
PolandM,P Colostrums (n = 43); 
Mature milk (n = 41); 
first 4, 10, and 30 d of 
lactation 
Se, Zn, and Cu 
AAS 
Se and Zn in blood plasma were lowest at 
first 4 days of lactation; Se, Zn, and Cu 
concentrations were highest in colostrum 
milk 
Content of all determined elements declined 
during lactation 
Statistically significant linear correlation 
between Zn in blood plasma and milk during 
1st stage of lactation 
100Wasoswicz et al. 
GermanyF,M 19 women; 24-38 years; 
1-16 months 
Au, Ce, Cr, Co, Ga, La, 
Mo, Nb, Ru, Sb, Th, Ti, 
U 
Microwave-assisted 
digestion 
ICP-OES 
Transfer factors: Au: 5.1, Ce: 16.1,Cr: 6.9, 
Co: 8.4, Ga: 19.1, La: 13.8, Mo: 77.4, Nb: 
20.7, Ru: 4.1, Sb: 13.2, Th: 20.2, Ti: 5.6, U: 
21.3 
85Krachler et al. 
JapanM,U 68 women; 19-34 yrs; 
5-8 day postpartum 
Ca, Cd, Mg, Na, P, Cu, 
and Zn 
Wet-ashing 
ICP-OES 
FAAS 
Cd in human milk 0.07-ȝJ/-1; Cd in 
urine 0.28-ȝJ/-1 
Urinary Cd concentration increased with 
increases in Cd in milk 
101Honda et al. 
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Location Number of Subjects Elements of interest 
and technique 
Results Reference 
AustriaM 124 women; 8 non-
European; 1, 3, 5, 7 
weeks postpartum 
Cd 
GFAAS 
&GȝJ/-1; Cd concentrations 
increased significantly with frequent cereal 
consumption and smoking; smokers had a 2-
fold higher concentration than non-smokers; 
low Cd concentrations were associated with 
intake of supplements containing trace 
elements or vitamins; maternal Cd 
concentrations in Austrian mothers were no 
significant risk to breastfed infants 
170Gundacker et al. 
United Arab 
EmiratesM,P  
209 subjects; 68 UAE 
mothers; 124 from other 
nationalities; 18-50 y 
As, Al, Ag, B, Ba, Be, 
Bs, Cd, Co, Cr, Cu, Hg, 
La, Li, Mn, Mo, Ni, Pb, 
Sb, Se, Zn 
Microwave-assisted 
digestion 
ICP-MS 
Plasma concentrations of Se, Co, and Be were 
negatively correlated with concentrations in 
breast milk; mother's age was significantly 
correlated with blood or milk trace elemental 
concentrations; plasma Cr concentrations were 
lower in educated mothers; As concentrations 
were lower in those living in farms than in the 
city; milk Hg concentrations were lower in 
those living in cities 
171Kosanovic et al. 
PortugalM,P  44 women; 2nd day and 1 
month postpartum 
As, Cu, Co, Mn, Ni, 
Pb, Se, and Zn 
ICP-MS 
All elements except Co, Pb, and Ni showed a 
significant decrease in concentration in milk 
during 1st month of lactation 
$VȝJ/-1&XȝJ/-1; Co: 
ȝJ/-10QȝJ/-1; Pb: 
ȝJ/-16HȝJ/-1 
104Almeida, et al. 
TurkeyM 142 women; 50-60 days 
postpartum 
Cu and Zn 
 
ICP-MS 
Cu: 475 - ȝJ/-1; Zn: 200-ȝJ/-1 
Zn and Cu milk concentrations were not 
correlated 
105Orun et al. 
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Location Number of Subjects Elements of interest 
and technique 
Results Reference 
GreeceM 180 colostrum samples; 
95 samples collected 14 d 
later 
Cd, Cu, Fe, Mn, Pb, 
and Zn 
 
AAS 
All metals except Cu were in lower 
concentrations in transitory samples 
&GȝJ/-1&XȝJ/-1; 
)HȝJ/-10QȝJ/-1; 
3EȝJ/-1=QȝJ/-
1 
172Leotsinidis, et al. 
Sample material: M = human milk, P = blood plasma, F = food, and U = urine; 
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Table 1.11: Concentrations of titanium in animal milk.118 
 
 
Table 1.12: Microwave oven operating conditions toward the determination of REEs in 
tomatoes,* Spalla et al.132 
  Steps 
  1 2 3 4 
Power (W) 240 360 420 600 
Time (min) 5 5 10 15 
Pressure (psi) 40 90 120 130 
*All samples were cooled and diluted to 50 mL. For analysis: 1 mL of sample diluted to 10 mL with 2% 
HNO3. 
  
Milk 
Time taken by 
animal to double its 
birth weight (in days) 
Ash content of 
milk (%) 
Titanium, in % 
ash 
Theoretical Ti 
Concentration (ȝJNJ-1) 
Human 180 0.21 0.0136 ± 0.0027 286 ± 57 
Mare 60 0.27 0.0178 ± 0.0038 481 ± 103  
Cow 47 0.64 0.0063 ± 0.0007 403 ± 45 
Goat 19 0.69 0.0042 ± 0.0005 290 ± 35 
Sheep 10 0.77 0.0132 ± 0.0030 1016 ± 231 
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1.11 Chapter 1 Figures 
 
 
 
 
Figure 1.1: Definition of nano-objects, nanoparticles, nano-fibers, and nano-plates according 
to ISO-TS 27687.4 
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Figure 1.2: Enhancement of properties as particle diameter decreases.4 
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Figure 1.3: The unit cell structures of two of the three crystalline structures of bulk titanium 
dioxide: rutile and anatase.15 
 
 
 
 
Figure 1.4: Two possible TiO2 structures for the water/cation interface. (a) Stern-Guoy-
Chapman (SGC) model. (b) The “metal oxide/aqueous solution” interface according to the 
three plane (TP) model.16 
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Figure 1.5: Daphnia magna.194 
 
 
 
 
Figure 1.6: The first images captured depicting nanoparticles inside a whole organism 
(Daphnia magna).39 
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Figure 1.7: Zebrafish exposed to nanosilver. Abbreviations: b, brain, e, eye, n, notochord, t, 
tail, ys, yolk sac.43 
 
 
Figure 1.8: Mammalian skin profile.62 
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Figure 1.9: PIXE data taken of a hair follicle of porcine skin exposed to a formulation 
containing nanosized TiO2 7KH VFDQ VL]H LV  ȝP 7L22 particles, labeled in blue, has 
penetrated into the follicle.69 
 
 
 
 
 
Figure 1.10: Autoradiography image of the porcine hair follicle (image size: 300 X 220 
ȝP3). The dark “halo” is due to radiolabelled TiO2.69 
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Figure 1.11: AgNPs are ingested and internalized into the cells of C. elegans. (A) AgNPs 
are taken up along with food by C. elegans; (B) Some AgNPs are also taken up into the cells 
of the nematodes, and are transferred to the offspring. (C) Hyperspectral image (HSI) 
showing the presence of AgNPs inside and outside C. elegans after exposure AgNPs 
clusters. (E) Very little signal is detected in non-exposed nematodes.144 
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Figure 1.12: (a) Single-particle ICP-MS analysis of a rutile colloidal suspension. Signal s48 
for 48Ti+ in time scan mode. (b) Single-particle ICP-MS analysis of an alumina colloidal 
suspension. Signal s27 for 27Al+ in time scan mode. (c) and (d) Single-particle ICP-MS 
analysis of clay colloids. (c) Signal s27 for 27Al+ in time scan mode. (d) Signal s44 for 
44[SiO]+ in time scan mode. 10 ms for ion detection, 2000 replicates over 20 s.156  
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Figure 1.13: (a) Signal analysis f(s48) vs. s48 for 48Ti+. (b) Signal f(s27) vs. s27 for 27Al+. 
(c) and (d) Clay colloids (c) Signal f(s27) vs. s27 for 27Al+. (d) Signal f(s44 ) vs. s44 for 
44[SiO]+.156 
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Figure 1.14: Analysis of thoria colloids by single-particle ICP-MS. The signal s244 for 
[232Th16O]+ was recorded in time scan mode over 20 s. 10 ms detection time for ion 
detection.157 
 
 
Figure 1.15: Signal s232 for 232Th+ recorded in time scan mode, comparison of the bimodial 
distribution estimated from SEM observations.157 
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Figure 1.16: Analysis of zirconia colloids by single-particle ICP-MS. The signal s94 for 94Zr+ 
was compared to the signal S90 for 90Zr+ recorded in time scan mode over 20 s. 10 ms 
detection time for ion detection. Total analysis time: 40s.158 
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Figure 1.17: Analysis of gold colloids by single-particle ICP-MS. The signal s197 for 197Au+ 
was recorded in time scan mode for 150 nm gold nanoparticles during 20s, counting per 10 
ms.159  
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Figure 1.18: (a) 107Ag time scans of ultrapure water as a function of time. (b) Signal 
distribution histograms obtained from the time scans fitted to a Poisson distribution. (c) 
107Ag time scans of 300 ng L-1 Ag (I) solution as a function of time. (d) Signal distribution 
histograms obtained from the time scans fitted to a Poisson distribution. (e) 107Ag time scans 
of 113 nm Ag nanoparticle suspension of 800 ng L-1 as a function of time. (f) Signal 
distribution histograms obtained from the time scans fitted to a lognormal distribution.160 
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CHAPTER 2 
CHARACTERIZATION AND DETERMINATION OF TITANIUM AND OTHER 
TRACE ELEMENTS IN HUMAN BREAST MILK AND MILK FORMULA 
 
2.1 Introduction 
 
 Human milk is the most important foodstuff for infants, but it is also a route of 
excretion for some toxic substances.1 There is growing evidence that breast milk is an 
ideal human fluid for investigating the effects of exposures to environmental pollutants 
and many studies have been devoted toward efforts to quantify toxic elements in this 
biological substance. The environmental and health impact of engineered nanoparticles is 
of growing concern, and not well-studied.2,3,4 Whereas adults may have some control 
over the exposure routes, infants who are breast-fed are exposed to whatever chemicals 
are present in their mother’s milk (and are exposed to whatever chemicals are available 
from the mother’s blood). The chemical composition of human breast milk is therefore of 
considerable interest. Titanium compounds (especially nanoparticulate titanium dioxide) 
are increasingly used as ingredients in cosmetic products, as UV blockers in sunscreens 
and lotions, in hair color and bleaching product, as well as the whitening agent in 
toothpastes. The situation regarding titanium in human tissues and body fluids is 
complicated by the fact that titanium dioxide is also a permitted food additive. In June 
2005, the US Environmental Protection Agency assessed the toxicity of titanium dioxide 
in pesticide formulations based on evidence in the literature.5 One of the studies cited in 
support of the conclusion that there was “a reasonable certainty that no harm to any 
  
100 
 
population subgroup will result from aggregate exposure to TiO2 when considering 
dietary exposure” concerned food additives.6 However, the effect of the inhalation of 
TiO2 in humans is controversial. On one hand, inhalation of TiO2 has been considered to 
have no deleterious effects;7 however, Otani et al. report a case where TiO2 inhalation 
resulted in symptoms of metal fume fever in 14 patients.8 Preliminary studies have found 
that nanoparticulate titanium dioxide causes DNA damage in human breast epithelial 
cells.9 Ironically, of all the human breast milk studies in the literature, very few include 
the determination of titanium. Given the growing incorporation of titanium dioxide into 
everyday life and the controversial divergence regarding its toxicity, the disparity in its 
lack of inclusion in human breast milk studies should be of greater concern. 
The goal of our research is to devise analytical procedures for the characterization 
of biological materials that may contain an element in a nanoparticulate form as well as 
in a variety of molecular and/or ionic species. In particular, there was an interest in 
characterizing human breast milk for the presence of titanium dioxide nanoparticles. The 
work reported here is done in conjunction with Professor Kathleen F. Arcaro of the 
Department of Veterinary and Animal Sciences (University of Massachusetts, Amherst). 
Her research is aimed at understanding the human health effects of exposure to complex 
mixtures of environmental pollutants, with emphasis on estrogenic and antiestrogenic 
pollutants. Here an analytical procedure is reported on the determination of the total of 
some trace elements in human milk that is validated by the analysis of a reference infant 
formula material (NIST SRM 1864). 
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2.2  Experimental 
 
2.2.1 Instrumentation 
 
Trace elements were determined with a PerkinElmer® DV 4300 inductively 
coupled plasma optical emission spectrometer (Shelton, CT, USA) with an ESI SC-2 and 
SC-FAST autosampler for sample delivery. The instrumental operating parameters are 
listed in Table 2.1. Parameters such as flow rates, power, and integration times were 
those recommended by the manufacturer. Prior to analysis of each sample, a flush time of 
8 s was chosen to ensure that the signal reached a steady state. Attention was paid to the 
display window to assure that the signals of all elements returned to signals close to that 
of the blank prior to analyzing the subsequent sample. Digestion of samples during 
method development was carried out under power control conditions with by two 
microwave-assisted reaction systems: MARS 5 (CEM Corporation, Matthews, NC, USA) 
and MARS with Xpress Technology (CEM Corporation, Matthews, NC, USA). 
Sonication was performed with a Branson Ultrasonic Cleaner (Shelton, CT, USA). A 
Burrell Wrist Action Shaker was used to homogenize thawed milk samples. 
2.2.2 Reagents and chemicals 
 
High purity HNO3 (70%, Fisher Scientific, Fair Lawn, NJ, USA) was utilized for 
cleaning glassware, preparing standard solutions, and digesting samples. Hydrogen 
peroxide (Certified ACS 30%, Fisher Scientific, Fair Lawn, NJ, USA) was used for 
digestion of milk powder. A stock multi-element standard solution (Quality Control 
Standard 21, PerkinElmer Pure, Shelton, CT, USA), containing 100 mg L-1 of each 
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element, was used for preparing calibration standards. Standards were prepared from the 
VWRFNVROXWLRQZLWKQLWULFDFLGXVLQJGHLRQL]HGZDWHU 0FP%DUQVWHDG(-
Pure, Dubuque, IO, USA) prior to analysis. An infant formula reference material (NIST 
SRM 1846, Gaithersburg, MD, USA) was utilized to assess the accuracy of the method 
developed. Similac® Sensitive Infant Formula (Ross Products Division, Abbott 
Laboratories, Columbus, OH, USA) was purchased from a local store and prepared using 
the instructions recommended by the manufacturer. 
2.2.3 Method validation 
 
An infant formula reference material (NIST SRM 1846 Infant Formula, 
Gaithersburg, MD, USA) was utilized to assess the accuracy of the method developed. 
Spike recoveries were performed on this material as well as real milk samples. 
2.2.4 Samples 
 
Samples were donated from volunteers in Western Massachusetts as a practice set 
for method development. Cells were not removed and samples were frozen upon 
delivery. Archived human breast milk samples (left and right breast of biopsied and non-
biopsied breasts) were thawed, transferred into PTFE Falcon® tubes and homogenized in 
a wrist action shaker for 1 h. Subsequently, samples were divided into 2.0 mL portions 
and placed in a freezer. 
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2.2.5 Sample Preparation 
 
 Archived human breast milk samples (n = 20) were thawed, 1.0 ml was 
transferred into a Teflon® vessel followed by the addition of 2 mL concentrated HNO3 
and allowed to react for 24 h. The samples were digested with a Mars Xpress digestion 
system under the following conditions: ramp to 140 °C over 20 min and held at that 
temperature for 40 min. The sample vessels digestions were cooled for 1 h and allowed to 
slowly vent for 20 min. They were quantitatively transferred to a PTFE Falcon tubes and 
diluted to 15 ml with deionized water. For the quality control analysis, 0.250 g of NIST 
SRM 1846 (Milk powder formula) was transferred into a Teflon® vessel, reconstituted 
with 2 mL of deionized water, followed by the addition of 4 mL HNO3. Similac Sensitive 
Infant Formula was digested in the same fashion as the standard reference material. 
Additionally, as recommended by the manufacturer, 5 scoops of the commercial infant 
formula, weighing approximately 9 g each, were reconstituted in 150 mL deionized 
distilled water and split into 2 mL portions. All samples were allowed to partially digest 
overnight before undergoing microwave digestion the next day under identical conditions 
as human milk samples. For all samples digestions, three replicates were performed. 
Also, calibration blanks of 2.0 mL deionized water were taken through the same 
digestion process. Altogether, 59 samples were analyzed using an inductively coupled 
optical emission spectrometer (ICP-OES). 
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2.2.6 Limits of detection 
 
A blank solution and a standard solution containing all analytes at 10 ȝJ/-1 were 
analyzed between the measurement of every 6 digestions to ensure that the background 
signals for all elements were unchanged throughout analysis. The detection limits (LOD) 
for each element in this study were calculated based on three times the standard deviation 
of the average of 22 blank measurements. 
2.3 Method development  
 
Initial experiments involved investigating the effects of the volumes of sample 
solution, mass of solid sample, volume of concentrated acid, volume of 30% peroxide 
and the final volume of solution.  Initially, the method used for the determination of trace 
elements in human breast milk was a modification of the method developed by 
Wappelhorst et al.10 2 mL milk was microwave digested with 2 mL concentrated HNO3 
and 0.5 mL 30% H2O2 under the microwave procedure indicated in Table 2.2. This 
method yielded incomplete digestion of milk samples.   
The effect of microwave oven parameters, were initially selected on the basis of 
those reported by Nasciemento et al.11,12,13 and by Ataro et al.,14 and were varied until 
complete digestion was obtained. The arrival of a new microwave system fostered further 
optimization of the sample digestion method. This new system (Mars Xpress) allowed the 
use of more acid and vessels were sealed tightly for greater pressure control digestion. It 
was recommended by the manufacturers that digestions of biological samples could be 
accomplished without the use of H2O2. This was examined by performing two 
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experiments: digesting 0.25g NIST SRM 1846 Infant Formula with 4 mL HNO3 in 
triplicate with (1) the addition of 1 mL H2O2, and (2) without H2O2.To assure there were 
no matrix effects being observed, standard additions were performed to five samples. 
After microwave digestion, samples were split into 5 mL portions and spiked to 
FRQFHQWUDWLRQVRIDQGȝJ/-1 and analyzed by ICP-OES (method). A certified 
reference material, NIST SRM 1846 (infant milk formula), was analyzed as part of the 
validation strategy. Values for Ti, Co, and Cd are not available from NIST for this 
reference material. 
 The final method for sample digestions is outlined in Section 2.2.5 (Sample 
Preparation). 
2.4  Results and Discussion 
 
2.4.1 Standard addition experiments 
 
Standard addition experiments proved that there were no matrix effects that would 
interfere with the determination of titanium in the human milk samples within this study. 
The slopes of the standard addition curves overlay and are not statistically different. 
Table 2.3 shows the comparison of the results of the conventional method (method A) to 
the standard addition method (method B). 
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2.4.2 Optimization of microwave digestion procedures 
 
Many methods developed for the determination of trace elements in human breast 
milk employ a microwave-assisted digestion with a mixture of concentrated nitric acid 
and 30 % hydrogen peroxide (often in a 4:1 volume ratio).  The addition of hydrogen 
peroxide was evaluated, but there were no conditions under which accurate 
determinations of the trace elements in NIST SRM 1846 were obtained. As shown by the 
results in Table 2.4, for the method absent hydrogen peroxide, no significant differences 
between the results obtained and the reference values. Therefore, going forward, this 
method, absent H2O2 was, employed for future digestions of human milk samples. 
Table 2.5 presents the results of five test samples used for method development, 
digested and analyzed conventionally by ICP-OES (without use of an autosampler). The 
average concentration for Ti of 18 µg L-1 is in agreement with the concentrations found 
by Anderson15 and Krachler et al.,16 but lower than the values reported by Wappelhorst et 
al.10 The concentrations for trace elements such as Cu, Fe, and Mn, in the women from 
western Massachusetts are also in agreement with concentrations found in previous 
studies. 
2.4.3 Analytical performance of method 
 
Table 2.6 presents the validation of NIST SRM 1846 Infant Formula. For 
calcium, iron, magnesium Ca, Zn, Mg a spike recovery must be performed at a higher 
concentration since the analyte is in such large amounts in the SRM. The results are in 
good agreement with reference values and spike recoveries ranged from 99 to 125%. 
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2.4.4 Human milk analysis 
 
2.4.4.1 Sample homogeneity 
 
The variability in the concentrations in one sample from digest to digest led to the 
decision to treat each sample digestions as a separate sample. Therefore, instead of an ‘n’ 
of 20, there were 60 samples. Upon analysis, sample 3 was found to be contaminated 
(due to improper cleaning of the digestion vessel) and was not included in the data 
processing. Mean concentrations were calculated digests that contained analyte 
concentrations above the detection limit. The results of the analysis of the 20 archived 
samples are displayed in Table 2.7 and Table 2.8 presents the average concentrations of 
analytes of all 20 samples. When reporting data for the elemental content of human breast 
milk samples, the normal convention for reporting concentrations below the limit of 
detection is to report them as ‘N.D.’, or not detected, however, for this study the style 
suggested by an April 2001 AMC Technical Brief.17 Concentrations below the limit of 
detection are reported as below the value for the limit of detection calculated in Section 
2.2.6. 
2.4.4.2 Essential trace elements 
 
Human milk in this study contained the highest concentration of calcium. A mean 
calcium concentration of 113 mg L-1 was found in the human breast milk samples of this 
study, with a range of 50 to 171 mg L-1. These concentrations were lower than the 
concentrations reported in the literature (180 - 300 mg L-1). This discrepancy may be 
explained by the fact that there was only a 79% recovery for calcium in the standard 
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reference material. A mean cobalt concentration of 11.5 µg L-1 was found, with a range 
of 4 to 20 µg L-1. These concentrations were higher than the concentrations reported in 
the literature (0.1 - 2.0 µg L-1). Cobalt was detected within all 59 sample digestions. 
Concentrations of chromium in human milk ranged from < 2.0 to 17 µg L-1, with a mean 
of 5 µg L-1. These concentrations were slightly higher than reported literature values (0.2 
– 0.8 µg L-1). Chromium was detected within 36 sample digestions. Copper 
concentrations ranged from 0.08 to 1.4 mg L-1 with a mean of 0.26 mg L-1. These 
concentrations are in good agreement with concentrations reported in the literature (0.18 
– 0.75 mg L-1). Concentrations of iron in human milk ranged from < 3.0 to 10.5 mg L-1, 
with a mean of 0.8 mg L-1. These concentrations were slightly higher than reported 
literature values (0.2 – 0.8 mg L-1). Iron was detected within 58 sample digestions. A 
mean manganese concentration of 10 µg L-1 was found in the human breast milk samples 
of this study, with a range of 3 to 100 µg L-1. These concentrations are in good agreement 
with concentrations reported in the literature (3 - 40 µg L-1). Concentrations of 
magnesium in the human milk of this study ranked the second highest of all analytes. 
Concentrations of magnesium in human milk ranged from 7 to 27 mg L-1, with a mean of 
18.5 mg L-1. These concentrations were in good agreement with literature values (10 – 63 
mg L-1). Nickel concentrations ranged from of < 1 to 49 µg L-1 with a mean of 14 µg L-1. 
These concentrations are in good agreement with concentrations reported in the literature 
(0.5 - 10 µg L-1) and nickel was detected within 22 sample digestions. Zinc 
concentrations ranged from 0.17 to 7 mg L-1, with a mean of 1.76 mg L-1. These 
concentrations were in good agreement with literature values (10 – 63 mg L-1). Calcium, 
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cobalt, copper, magnesium, manganese, and zinc were detected within 59 sample 
digestions. 
2.4.4.3 Non-essential and toxic elements 
 
Arsenic was detected in 35 sample digestions with a mean of 38 µg L-1, and a 
range of < 6 to 129 µg L-1. Cadmium concentrations ranged from < 1 to 19 µg L-1 with a 
mean of 7.5 µg L-1 and was detected in 51 sample digests. Arsenic and cadmium 
concentrations were higher than reported literature values. 56 out of 59 sample digests 
contained a measureable amount of titanium (an average concentration of 7 ȝJ/-1 and 
range of < 1.0 to 51 ȝJ/-1). 
2.4.5 Infant formula 
 
A commercially available infant formula was analyzed as it is used as a substitute 
for human breast milk and the results are reported in Table 2.10. The formula contained a 
mean titanium concentration of 0.42 ± 0.13 mg kg-1 when 0.25 g of solid material was 
digested. When the material was reconstituted (using the suggestion provided on the 
product label) and 2 mL of this mixture was treated as a human milk sample, a mean 
titanium concentration of 0.27 ± 0.05 mg L-1. Arsenic, cadmium, cobalt, and titanium 
were found in the infant formula; however, they are not present on the product label. 
Lead and arsenic were not detected in this material. The concentrations for elements such 
as copper, manganese, and zinc in this milk formula were higher than the value presented 
on the product label by 2-fold. The fact that concentrations present on the product label 
  
110 
 
do not match the concentrations found by ICP-OES determination is not unusual since 
most of infant formulas are produced in batch. 
The standard reference material contained measureable concentrations of 
uncertified elements such as arsenic, cadmium, chromium, and titanium. A mean titanium 
concentration of 0.06 mg kg -1 was found. There is no certified reference value for 
titanium within this material and no human milk studies have reported a value for 
titanium in this reference material. 
2.5 Conclusions 
 
 The trace elemental detection of 12 elements in human breast milk was achieved 
by ICP-OES after microwave assisted acid digestion. After careful optimization of the 
sample digestion procedure with NIST SRM 1546 was accomplished, this method was 
applied toward the determination of trace elements in 20 archived milk samples.  Milk is 
said to be a homogeneous mixture, however the variability in concentration of some 
elements within triplicate digestions in this study warrants the idea that each digestion 
should be treated as separate samples. Interestingly, for a number of the digested samples, 
a measureable concentrations of analytes were found in the only one or two out of three 
digestion replicates. The concentrations of arsenic, cadmium, cobalt, and magnesium 
were slightly higher than reported values, while calcium was lower.  
 Given the increased use of titanium containing nanomaterials in consumer 
products, it is surprising that titanium is rarely included as an analyte in studies of the 
trace elemental content in human breast milk. From the results presented for 20 milk 
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samples, there is a measureable amount of titanium (an average concentration of 7 ȝJ/-1 
for n = 56) in human breast milk and the maximum concentration of 51 ȝJ/-1. 
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2.7 Chapter 2 Tables 
 
Table 2.1: Instrument operating parameter for the determination of trace elements in human 
breast milk samples. 
 
Plasma Conditions  
RF power (W) 1300 
Gas Flow (L min-1)  
Plasma 15 
Auxiliary 0.2 
Nebulizer 0.8 
Read delay (s) 45 
Replicates 5 
Probe in sample (s) 10 
€Rinse 1/Rinse 2 20 s/40 s 
€ Parameter for samples ran with ESI autosampler for As, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, and Ti. 
Rinse solution: 2% HNO3. 
All other parameters remained consistent for Zn determination. 
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Table 2.2: Microwave digestion parameters for initial sample preparation method for the 
analysis of human breast milk samples.* 
 
Step* Time (min) Power (W) 
1 2 275 
2 2 0 
3 6 275 
4 5 400 
5 8 600 
Vent 8 - 
* Microwave digestion accomplished with a Mars 5 system. 
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Table 2.3: Conventional Method vs. Standard Additions 
 
 &RQFIRXQGȝJ/-1) 
Sample  Method A Method B 
A 4.9 ± 0.9 4.1 
B 3.6 ± 0.2 3.9 
C 3.6 ± 0.4 3.7 
D 5.3 ± 1.5 5.1 
E 3.1 ± 1.5 4.5 
 
Table 2.4: Optimization of the acid digestion procedure for the trace elemental 
determination of NIST SRM 1846. 
 
Analyte 
Reference conc (mg 
kg-1)* 
Digestion with 4 mL 
HNO3† (mg kg-1) 
Digestion with 4 mL HNO3 + 
1 mL H2O2‡ (mg kg-1)  
Mg 538.0 ± 29.0 527.0 ± 0.1 472 ± 26 
Fe 63.1 ± 4.0 59.0 ± 1.3 107.6 ± 2.9 
Cu 5.04 ± 0.27  6.54 ± 0.43  7.8 ± 0.2 
Zn 60 ± 3.2  65.3 ± 1.9 64.0 ± 1.1 
Mn** 0.4 0.34 ± 0.02 0.81 ± 0.01 
Ti - 0.15 ± 0.09 0.230 ± 0 .027 
Cd - 0.30 ± 0.12 0.155 ± 0.13 
Co - 0.091 ± 0.084 ND 
* The nutritional information listed on the packaging provided dietary values as “Nutrients per 100 
Calories.” The expected values are calculated based on the conversion factor deduced from the data 
provided by NIST for the SRM 1846 material. The absence of an entry means that no dietary values were 
provided for this element. Concentrations expressed in mg kg-1. The reference values are mean ± expanded 
uncertainty at the 95% level of confidence, the experimental values are mean ± 95% confidence interval, n 
= 3 
** Information value  
† Concentrations expressed in mg kg-1, mean ± 95% confidence interval, n = 3.  
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Table 2.5: Concentrations of trace elements in human breast milk samples 
 
Analyte A B C D E 
As** < 0.17 < 0.17 < 0.17 < 0.17 < 0.17 
Cd µg L-1 5.5 ± 6.4 < 0.01 6.7 ± 11.8 8.6 ± 4.4 6.0 ± 3.6 
Co** < 0.004 < 0.004 < 0.004 < 0.004 < 0.004 
Cr** < 0.004 < 0.004 < 0.004 < 0.004 < 0.004 
Cu mg L-1 0.40 ± 0.11 0.47 ± 0.07 0.32 ± 0.10 0.35 ± 0.14 0.29 ± 0.06 
Fe mg L-1 0.26 ± 0.02 0.23 ± 0.09 0.12 ± 0.05 0.26 ± 0.19 0.17 ± 0.05 
Mg mg L-1 44.6 ± 1.2 42.0 ± 7.8 52.0 ± 8.3 63.0 ± 11.1 53.6 ± 1.9 
Mn µg L-1 6.5 ± 0.6 5.1 ± 1.2 4.6 ± 3.0 3.4 ± 2.8 2.3 ± 0.4 
Pb** < 0.07 < 0.07 < 0.07 < 0.07 < 0.07 
Ti µg L-1 18.0 ± 1 .0 12.1 ± 2.6 19.2 ± 5.6 21.3 ± 3.3 18.0 ± 2.1 
Zn mg L-1 6.6 ± 1.8 11.5 ± 1.9 1.4 ± 0.6 4.8 ± 0.5 3.9 ± 1.3 
* Concentrations expressed as mean ± 95% confidence interval, n = 3. N.D. indicates that the element was 
not detected. 
** Concentrations below limits of detection; units: µg L-1 
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Table 2.6: Analytical performance of method Performed on NIST SRM 1846 Infant 
Formula a 
 
Analyte LOD (mg L-1) Certified (mg kg-1) Found (mg kg-1) Spike Recovery %€ 
As 0.006 n.c. 0.45 ± 0.28 125 ± 12 
Cd 0.001 n.c. 0.05 ± 0.03 104 ± 3 
Co 0.001 n.c. < 0.003 101 ± 2 
Cr 0.002 n.c. 0.10 ± 0.02 111 ± 4 
Mn¥ 0.001 0.4 0.32 ± 0.01 110 ± 3 
Ni 0.001 n.c. < 0.005 99 ± 3 
Ti 0.001 n.c. 0.06 ± 0.02 109 ± 5 
Cu 0.002 5.04 ± 0.27 5.64 ± 0.16 99 ± 5 
Fe 0.003 63.1 ± 4.0 73.0 ± 1.8 - 
Ca 0.084 3670 ± 200 2906 ± 78 - 
Zn£ 0.006 60.0 ± 3.2 54.8 ± 1.5 - 
Mg 0.002 538 ± 29 559 ± 16 - 
LOD: calculated based on three times the standard deviation of the average of 22 blank 
measurements of the blank throughout analysis, in mg L-1 
a Performed on NIST SRM 1846 Infant Formula (n = 6) 
n.c. not certified 
¥ Informational value provided in certificate 
£ Determined without the use of the autosampler 
€ Spike recovery level (a final concentration of 17 ppb of all elements from one standard) (n = 6) 
Concentration presented as: mean ± standard deviation at the 95% confidence interval, n = 6 
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Table 2.7: Concentrations of trace elements for 20 archived human breast milk samples 
(continued onto next few pages). 
 
  Milk Sample ID 
Analyte LOD 1 2 3 4 5 6 
$VȝJNJ-1) 0.006 13.5** 7.0* 42.3** 18.5* 60.2* < 0.006 
Ca (mg kg-1) 0.08 107 97.8 167** 164 76.7 79.6 
&GȝJNJ-1) 0.001 5.1** 4.0** 7.0** 6.9 3.8 9.5 
&RȝJNJ-1) 0.001 10.3 8.5 8.8** 10.0 6.7 9.1 
&UȝJNJ-1) 0.002 0.92 6.9* 1.8** 1.0* < 0.003 4.4* 
Cu (mg kg-1) 0.002 0.24 0.66 0.53** 0.45 0.17 0.17 
Fe (mg kg-1) 0.003 0.15 0.31 0.31** 0.26 0.15 0.40 
Mg (mg kg-1) 0.002 17.2 16.3 20.8** 19.8 22.4 26.0 
0QȝJNJ-1) 0.001 10.2 57.1 6.9** 5.5 5.5 7.4 
1LȝJNJ-1) 0.001 2.0 4.5* < 0.001 < 0.001 26.3** 1.4** 
7LȝJNJ-1) 0.001 2.0 3.0 5.6* 7.3** 7.8 8.9 
Zn (mg kg-1) 0.006 0.75 2.85 2.88** 2.52 2.74 0.19 
 
 Milk Sample ID 
Analyte Name 7 8 9 10 11 12 
$VȝJNJ-1) 18.8* 38.6* 59.6** 13.1** 17.6** 59.3 
Ca (mg kg-1) 96.2 91.8 142 134 110 117 
&GȝJNJ-1) 2.9** 5.6 6.1 5.9 10.6** < 0.001 
&RȝJNJ-1) 8.5 10.7 12.4 14.1 13.7 11.5 
&UȝJNJ-1) 7.9** 1.0* 3.4 9.3 8.6** 5.2 
Cu (mg kg-1) 0.13 0.12 0.36 0.36 0.18 0.19 
Fe (mg kg-1) 0.23 0.18 0.25 0.35 3.64 0.49 
Mg (mg kg-1) 17.8 15.2 19.4 19.5 15.0 15.9 
0QȝJNJ-1) 6.3 4.8 6.2 6.2 12.3 6.1 
1LȝJNJ-1) 15.5* 1.2* 22.9 9.5* 2.2* 12.1* 
7LȝJNJ-1) 7.9 3.7 1.7 6.4 5.6 7.4 
Zn (mg kg-1) 2.19 1.07 3.07 2.62 0.77 0.93 
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 Milk Sample ID 
Analyte 
Name 13 14 15 16 17 18 19 20 
$VȝJNJ-1) 9.9* 37.3* 49.8** 68.1 40.7* 71.6 20.7 21.4 
Ca (mg kg-1) 105 96.4 99.1 117 116 121 109 132 
&GȝJNJ-1) 8.1 9.5 8.7 11.9 12.7 5.7 6.8 4.9** 
&RȝJNJ-1) 7.3 13.7 15.2 13.4 15.4 11.2 12.2 7.9 
&UȝJNJ-1) 5.9 2.8 3.8 3.5* 12.9* 1.3* 0.6* 3.3 
Cu (mg kg-1) 0.33 0.29 0.19 0.22 0.21 0.20 0.15 0.17 
Fe (mg kg-1) 1.61 2.08 3.04 0.19 0.93 0.45 0.20** 0.12 
Mg (mg kg-1) 19.6 17.8 19.3 22.3 18.2 17.4 13.8 16.3 
0QȝJNJ-1) 9.4 8.7 15.9 4.7 11.8 5.3 10.2 4.6 
1LȝJNJ-1) < 0.001 28.4** 8.8** 5.9* 36.1** < 0.001 10.2* < 0.001 
7LȝJNJ-1) 5.0 14.0 9.1 6.8 21.3 4.6 8.8** 3.5 
Zn (mg kg-1) 2.9 2.2 1.3 1.5 2.35 1.33 0.71 0.46 
 
* Presented as the concentration measureable in 1 out of 3 replicates samples (n =1) 
** Presented as the average concentration measureable in 2 out of 3 replicates samples (n = 2) 
If no asterisk is present, average concentration is represented as average of 3 replicates (n =3)  
 
  
  
120 
 
Table 2.8: Trace elements in human milk samples 
 
Element As (n = 35) Cd (n = 51) Co (n = 59) Cr (n = 36) Mn (n = 59) Ni (n = 22) 
Mean Conc 37.8 7.5 11.5 4.6 10.3 13.8 
St Deviation 27.7 4.3 4.0 5.0 15.4 14.1 
Minimum < 6.0 < 1.0 4.0 < 2.0 2.6 < 1.0 
Maximum 128.7 18.7 20.4 16.9 99.7 49 
Unit ȝJ/-1) ȝJ/-1) ȝJ/-1) ȝJ/-1) ȝJ/-1) ȝJ/-1) 
/2'ȝJ/ 6.0 1.0 1.0 2.0 1.0 1.0 
Literature 
range 0.2-19 0.7-4.6 0.1-2.0 0.2-0.8 3-40 0.5-10 
 
Element Ti (n = 56) Cu (n = 59) Fe (n = 58) Ca (n = 59) Mg (n = 59) Zn (n = 59) 
Mean Conc 7.0 0.26 0.79 113.0 18.5 1.76 
St Deviation 7.3 0.19 1.68 25.2 3.2 1.41 
Minimum < 1.0 0.08 < 3.0 50.0 6.7 0.17 
Maximum 51.0 1.39 10.5 171.5 26.6 7.2 
Unit ȝJ/-1) (mg L-1) (mg L-1) (mg L-1)  (mg L-1)  (mg L-1) 
/2'ȝJ/ 1.0 2.0 3.0 84.0 2.0 6.0 
Literature 
range 0 - 300 0.18-0.75 0.2-0.8 180-300 10-63 0.7-4.0 
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Table 2.9: Concentrations of trace elements in Similac® Sensitive Formula.  
 
Analyte Expected concentration* Digestion of 0.25 g of 
solid** 
Digestion of 2 mL of 
reconstituted milk** 
As - ND ND 
Cd - 0.33 ± 0.09 0.21 ± 0.02 
Co - 0.08 ± 0.04 0.10 ± 0.02 
Cr - ND ND 
Cu 4.6 8.1 ± 0.2 5.2 ± 0.4 
Fe 93 106 ± 2 75.9 ± 3.4 
Mg 309 442 ± 25 529 ± 32 
Mn 0.29 0.83 ± 0.01 0.44 ± 0.02 
Pb - ND ND 
Ti - 0.42 ± 0.13 0.27 ± 0.05 
Zn 39 61.7 ± 2.7 68.9 ± 4.6 
* The nutritional information listed on the packaging provided dietary values as “Nutrients per 100 
Calories.” The expected values are calculated based on the conversion factor deduced from the data 
provided by NIST for the SRM 1846 material. The absence of an entry means that no dietary values were 
provided for this element. 
** Concentrations expressed in mg L-1 as mean ± 95% confidence interval, n = 3. N.D. indicates that the 
element was not detected. 
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CHAPTER 3 
INTERACTIONS BETWEEN AQUATIC PLANT MICROCOSMS, METALLIC 
NANOPARTICLES, METALLIC SALTS, AND RARE EARTH ELEMENTS 
 
3.1 Introduction 
As was pointed out in Section 1.6, there is considerable interest in the determination of 
metals and metallic constituents in plant material. Monica et al.1 and Ostroumov et al.2 
summarized the phytotoxicity of nanoparticles in plants. It was found that studies on the toxicity 
of nanomaterials were emerging with results that showed negative effects on the growth and 
development of plantlets. There is a need for accurate analytical methods that aid in the 
determination of metals, metallonanoparticles, and rare earth elements.3-6 The main objective of 
this study was to examine several interactions between aquatic plants and 
1. Plant litter (detritus material) 
2. Metallic nanoparticles in aquatic media 
3. Metals dissolved in aquatic media 
4. Rare earth elements in aquatic media 
 
Several hypotheses related to the fate of toxic metals and nanoparticles in aquatic 
medium were tested: 
1. Nanoparticles and metals will bind to the biomass (outer layer of plants) 
of aquatic plants. 
2. There will be an increase in concentration of toxic metals. 
3. Nanoparticles will bind to plant litter (detritus material). 
4. In the presence of the detritus material, the amount of nanoparticles bound 
to the biomass will decrease as compared to systems without plant 
material. 
5. Uptake of metals through roots will be directly quantified by the increase 
in metal concentration in above water portion of aquatic plants. 
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3.2  Experimental 
 
3.2.1 Instrumentation 
 
Trace elements were determined with a PerkinElmer DV 4300 inductively 
coupled plasma optical emission spectrometer (ICP-OES) (Shelton, CT, USA) and a 
PerkinElmer ELAN 6100 inductively coupled plasma mass spectrometer (ICP-MS) 
(Shelton, CT, USA). Table 3.1 presents the instrument parameters and the emission 
wavelengths monitored by the ICP-OES for detection. Table 3.2 presents the instrument 
parameters and metal isotope masses monitored for ICP-MS detection. Digestion of 
samples was carried out with a microwave-assisted reaction system (MARS with Xpress 
Technology, CEM Corporation, Matthews, NC, USA) operated under power control 
conditions. Results were exported and processed using Microsoft Excel. 
3.2.2 Reagents and chemicals 
 
 70% solution HNO3 (Fisher Scientific, USA; certified by ACS) was utilized for 
cleaning glassware, preparing standard solutions, and digesting samples. Tables 3.1 and 
3.2 provide details for the elemental plasma emission standards used for calibration 
standards. Calibration standards were made from the following stock multi-elemental 
standard solutions: Quality Control Standard 21 (PerkinElmer Pure, Shelton, CT, USA), 
Quality Control Standard 7A (PerkinElmer Pure, Shelton, CT, USA), a Mallinckrodt 
Baker 1000 mg L-1 gold reference standard (Phillipsburg, NJ, USA), Spectrum Chem 
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Manufacturing Corporation standards (999.8 mg L-1 gadolinium reference standard, 999.2 
mg L-1 palladium reference standard, 1000.2 mg L-1 niobium reference standard, 1000 mg 
L-1 tantalum reference standard, 999.6 mg L-1 thulium reference standard) (Gardena, CA, 
USA), Specpure 1000 mg L-1 ICP standard solutions (bismuth, holmium, terbium, and 
thorium) (Ward Hill, MA, USA), a Ricca 1000 mg L-1 gallium reference standard 
(Arlington, TX, USA), and a Fisher Scientific 1000 mg L-1 tin reference standard (Fair 
Lawn, NJ, USA). The M20 dosing solution consisted of a mixture of salts of silver (Ag), 
aluminum (Al), arsenic (As), boron (B), barium (B), cadmium (Cd), cobalt (Co), 
chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), 
lead (Pb), palladium (Pd), antimony (Sb), tin (Sn), titanium (Ti), vanadium (V), and zinc 
(Zn). 
3.2.3 Sample Preparation 
 
All elements were determined in all stock dosing solutions and media post-
exposure. For analysis of media/dosing solutions, 2 mL portions were dispensed into 
microwave digestion vessels in triplicate, and 4 mL concentrated HNO3 was added, and 
samples were left overnight to react. All plant samples were oven-dried to a constant 
weight at a temperature of 55 °C. Dried samples were then individually transferred into 
crucibles and ground. 50 mg of each material was then weighed into separate digestion 
vessels. 
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3.2.4 Microwave digestion procedure 
 
The vessels were digested the following day in a microwave-assisted reaction 
system (MARS with Xpress Technology, CEM Corporation, USA) under the following 
conditions: ramped to a temperature of 140 °C over 20 min and held at that temperature 
for 30 min under a power setting of 1200 W. The samples were cooled for 1 h, allowed to 
slowly vent for 20 min, diluted to 25 mL in calibrated volumetric flasks with DI water, 
and stored in a refrigerator until analysis. This procedure was chosen based on 
preliminary experiments and recommendations from CEM’s general operating 
procedures. 
3.2.5 Limits of detection 
 
Detection limits for this method were defined as the concentration that produces a 
signal equal to three times the standard deviation of three measurements of the blank. 
Table 13 lists the detection limits for each element in this method. 
3.2.6 Method development and method validation 
 
The method was validated by the analysis of NIST SRM 1573 Tomato Leaves. 
The results, summarized in Table 3.3, show an agreement between obtained and certified 
values with a recovery of 74 to 100% of the reference value for most elements in the 
reference materials.  Spike recoveries at levels 1 and 2 ranged from 92-113% and 95-
118%, respectively. 
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3.3  Experimental design 
 
3.3.1 Microcosms contaminated with metallic nanoparticles or metallic salts 
  
To assess the effects of metal contamination to aquatic plants, Professor 
Ostromouv designed ten microcosms. Table 3.4 exhibits the specific conditions of each 
microcosm. Each microcosm experimental condition was tested in duplicate. Professor 
Sergei Ostromouv incubated aquatic plants (Myriophyllum aquaticum) under the 
following conditions: (1) plants and nanoparticle-contaminated media, (2) plants, plant 
litter and nanoparticle-contaminated media and, (3) plants and media contaminated with a 
mixture of 20 dissolved metals, (4) plants, plant litter, and media contaminated with a 
mixture of 20 dissolved metals, and finally (5) a control consisting of plants and plant 
litter in tap water.  The nanoparticles used in this study were: aluminum oxide (Al2O3), 
copper oxide (CuO), gold (Au), iron oxide (Fe2O3), titanium dioxide (TiO2), and zinc 
oxide (ZnO). The M20 dosing solution consisted of a mixture of salts of silver (Ag), 
aluminum (Al), arsenic (As), boron (B), barium (B), cadmium (Cd), cobalt (Co), 
chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), 
lead (Pb), palladium (Pd), antimony (Sb), tin (Sn), titanium (Ti), vanadium (V), and zinc 
(Zn). Concentrations of nanoparticles and metals used in experimental exposures were 
comparable to those used in previous studies conducted by Professor Ostromouv and 
other researchers.  
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3.3.2 Microcosms contaminated with nanoparticles and rare earth elements 
 
To assess the effects of metal contamination to aquatic plants, Professor 
Ostromouv designed ten microcosms.  Figure 3.1 exhibits the aquatic plants that were 
exposed in this study.  
Table 3.5 exhibits the specific conditions of each microcosm. Note that each 
microcosm experimental condition was tested in duplicate. Professor Sergei Ostromouv 
incubated aquatic plants under the following conditions: (1) all plant material (bio- and 
mortmass) in media contaminated with nanoparticles and rare earth elements or (2) a 
control consisting of all plant material (bio- and mortmass) in tap water. Note that 
microcosms 3 and 4 are absent plant-material and consisted of incubated media only. The 
nanoparticles used in this study were: copper oxide (CuO), gold (Au), iron oxide (Fe2O3), 
titanium dioxide (TiO2), and zinc oxide (ZnO).  
3.4  Results and Discussion 
 
3.4.1 Microcosms contaminated with metallic nanoparticles or metallic salts:    
 concentrations of elements in dosing solutions 
 
Digestions of the dosing medium were performed in triplicate, and concentrations 
are presented as the mean ± the 95% confidence interval for all solutions. Tap water used 
for controls contained trace concentrations of all elements. Table 3.6 presents the results 
of the determination of 21 elements in the dosing medium of each experimental 
microcosm, after exposure. It is of note that NIST 8011 10 nm Nominal Diameter Gold 
Nanoparticles were used in the nanoparticle dosing medium; however as it is present at 
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51.56 mg L-1 in 5 mL ampoules, it was diluted to a concentration below the detection 
limit during the digestion of the dosing media. For the nanosuspension dosing medium 
only nano-Al2O3, nano-Au, nano-CuO, nano-Fe2O3, nano-TiO2, and nano-ZnO were 
added. For the media in this microcosm the concentrations of As, B, Ba, and Mn are two 
or three orders of magnitude higher than expected.   
Table 3.7 displays the results of the determination of 21 elements in the dosing 
medium of the control microcosm (Plants + Detritus) and metallic salt-contaminated 
plants (Plants + M20), after exposure. Each experimental condition was duplicated; 
therefore there were a total of six replicate digestions performed for each of the 
experimental microcosms. The concentrations are presented as the mean ± the 95% 
confidence level for all solutions. All elements are present at trace concentrations, 
indicating that there was little to no release of the metals from the plants into the media. 
Table 3.8 presents the results of the determination of 21 elements in the dosing medium 
of the experimental microcosm (Plants + Nano) and (Plants + M20), after exposure. 
3.4.2 Microcosms contaminated with metallic nanoparticles or metallic salts: 
 concentrations of metals in plant in the control microcosm 
 
Table 3.9 depicts the results of the determination of metal concentrations in the 
plants of the control microcosm. The order of background concentrations of the analytes 
of interest in the above water portion of Myriophyllum Aquaticum are as follows: Mn > 
Fe > Zn > Ba > Al > Cu > B > Sn > Sb > Ti> Ni > Cr > As > Pd > V > Pb > Ag > Mo > 
Cd > Co > Au. Background concentrations for the underwater portion of the plant were 
as follows: Mn > Fe > Cu > Zn > Ba > Al > B > As > Pb > Sb > Sn > Ti > Ni > Pd > V > 
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Mo > Co > Cr > Cd > Ag > Au. Background concentrations for the plant litter (detritus) 
were as follows: Fe > Mn > Al > Ba > Cu > Zn > Ti > B > Sn > Ni > Sb > V > Cr > Pb > 
Co > Cd > Ag > Mo > As > Pd > Au. Concentrations of Mn and Fe are an order of 
magnitude higher than all other elements. The concentration of Au was below the limit of 
detection for all portions of the plant, including detritus material in the control 
microcosms. 
3.4.3 Microcosms contaminated with metallic nanoparticles or metallic salts: 
 determination of metal concentrations in plants exposed to nanoparticles 
 
Table 3.10 depicts the results of the determination of metal concentrations in 
plants that were exposed to media contaminated with nanoparticles, without detritus 
material. The results from the nanoparticulate microcosm indicate that all 
metallonanoparticles, except nano-ZnO and nano-Au, were adsorbed or taken up by 
roots. There was no significant change in the concentrations of the remaining elements. 
There was a significant increase in Al, Cu, Fe, and Ti concentrations (by as much as an 
order of magnitude for Al, Fe, and Ti) in the underwater portion of the plant, however 
these elements were not present in concentrations significantly different from those plants 
in the control microcosm.  
Table 3.11 shows the results of the determination of metal concentrations in 
plants exposed to nano-Al2O3, nano-Au, nano-CuO, nano-Fe2O3, nano-TiO2, and nano-
ZnO, in the presence of detritus material. Using the results from the background 
concentrations found in the control microcosm plants, several conclusions can be made. 
The results from the nanoparticulate microcosm (plants + NP + detritus) indicate that all 
  
130 
 
metallonanoparticles except nano-ZnO were adsorbed or taken up by roots, as indicated 
by a significant increase in concentration from control and experimental underwater plant 
portions. Some elements (Ag, Al, Cu, and Ti) were taken up by plant roots, as shown in 
the significant increase in concentration from control and experimental above water plant 
portions. Some elements were adsorbed to detritus material (Al, As, Au, Ti, and Cu). Fe 
and Au were adsorbed to plants, but did not to above water portions of plant. There was 
no significant change in the concentrations of As, B, Cd, Co, Cr, Sb, Sn, Mn, Mo, Pd, Pb, 
and Zn. 
3.4.4 Microcosms contaminated with metallic nanoparticles or metallic salts: 
 determination of metal concentrations in plants exposed to metallic salts 
 
Table 3.12 depicts the results of the determination of metal concentrations in 
plants that were exposed to media contaminated with a mixture of metallic salts in the 
presence of detritus material. When comparing these results with results from plants from 
control microcosm, Ag, As, Ba, Cd, Co, Cr, Mo, Ni, Pb, Pd, Sb, Sn, Ti, V, and Zn were 
adsorbed to plants or taken up by roots, however only Cd, Co, Cr, and Mo were present 
in the above water portion. All elements except B, Pd, and Ti were not adsorbed to 
detritus material. 
3.4.5 Microcosms contaminated with nanoparticles and rare earth elements: 
 Myriophyllum aquaticum biomass 
 
Tables 3.13 and 3.14 contain the results of the ICP-MS and ICP-OES 
determinations of elements in Myriophyllum aquaticum biomass after incubation with 
nanoparticles and rare earth elements. Myriophyllum aquaticum biomass contained 
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concentrations below the limit of detection for Bi, Eu, Gd, Ge, Ho, In, Ir, Rh, Se, Tb, Te, 
Tm, and U in both the control and nanoparticle-contaminated microcosms. When 
comparing Nb, Ta, and V concentrations remained relatively the same from the control 
and nanoparticle-contaminated microcosm. Ga, Rb, and Zn concentrations decreased 
when comparing plants in the control microcosm to nanoparticle-contaminated 
microcosm. The concentrations of all analytes Ce and Eu increased by two orders of 
magnitude while the concentrations of all analytes increased by an order of magnitude in 
the rare earth element/nanoparticle-contaminated with the exception of Cu, Rb and Ta. 
3.4.6 Microcosms contaminated with nanoparticles and rare earth elements: 
 Myriophyllum aquaticum mort mass 
 
Tables 3.15 and 3.16 contain the results of the ICP-MS and ICP-OES 
determinations of elements in Myriophyllum aquaticum biomass after incubation with 
nanoparticles and rare earth elements. Myriophyllum aquaticum mort mass contained 
concentrations below the limit of detection for Bi, Eu, Gd, Ge, Ho, In, Ir, Rh, Se, Tb, Te, 
Th, Tm, and U in both the control and nanoparticle-contaminated microcosms (similar to 
Myriophyllum aquaticum biomass). When comparing Rb, Ta, and V concentrations 
remained relatively the same from the control and nanoparticle-contaminated microcosm. 
Similar to Myriophyllum aquaticum biomass samples, Ga and Rb concentrations 
decreased when comparing plants in the control microcosm to nanoparticle-contaminated 
microcosm. Contrastingly, in comparison to biomass samples, mort mass samples were 
not as effective in adsorption of rare earth elements and nanoparticles. 
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3.4.7 Microcosms contaminated with nanoparticles and rare earth elements: Elodea       
 Canadensis 
 
Table 3.17 and 3.18 contain the results of the ICP-MS and ICP-OES 
determinations of elements in Elodea canadensis after incubation with nanoparticles and 
rare earth elements. Elodea canadensis contained concentrations below the limit of 
detection for Bi, Eu, Ge, Ho, In, Ir, Pd, Rh, Ru, Se, Tb, Te, Th, Tm, and U in both the 
control and nanoparticle-contaminated microcosms. When comparing Rb and Ta 
concentrations remained relatively the same from the control and nanoparticle-
contaminated microcosm. The concentrations of all analytes increased significantly; there 
was significant adsorption of all elements in the contaminated microcosms.  
3.4.8 Microcosms contaminated with nanoparticles and rare earth elements: 
 Ludwigia palustris biomass 
 
Table 3.19 and 3.20 show the results of the ICP-MS and ICP-OES determinations 
of elements in Ludwigia palustris biomass after incubation with nanoparticles and rare 
earth elements. Ludwigia palustris biomass contained concentrations below the limit of 
detection for Bi, Eu, Ge, Ho, In, Ir, Pd, Rh, Ru, Se, Tb, Te, Th, Tm, and U in both the 
control and nanoparticle-contaminated microcosms. When comparing V, Rb, and Ta 
concentrations remained relatively the same from the control and nanoparticle-
contaminated microcosm. The concentrations of all analytes increased significantly with 
the exception of Rb, Ta, and U; there was significant adsorption of all elements in the 
contaminated microcosms.  
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3.4.9 Microcosms contaminated with nanoparticles and rare earth elements: 
 Ludwigia palustris mort mass 
 
Table 3.21 and 3.22 contain the results of the ICP-MS and ICP-OES 
determinations of elements in Ludwigia palustris mort mass after incubation with 
nanoparticles and rare earth elements. Ludwigia palustris mort mass contained 
concentrations below the limit of detection for Bi, Eu, Ge, Ho, In, Ir, Pd, Rh, Ru, Se, Tb, 
Te, Th, Tm, and U in both the control and nanoparticle-contaminated microcosms. When 
comparing Nb, V, and Ta concentrations remained relatively the same from the control 
and nanoparticle-contaminated microcosm. The concentrations of all analytes increased 
significantly with the exception of Rb, Ta, and U; there was significant adsorption of all 
elements in the contaminated microcosms. When comparing the extent of adsorption of 
contaminant in mortmass and biomasss Elodea, mortmass contained significantly higher 
concentrations of all elements except Bi, Th, and Ti. 
3.4.10 Microcosms contaminated with nanoparticles and rare earth elements: Typha 
 (detritus) 
 
Table 3.23 and 3.24 contain the results of the ICP-MS and ICP-OES 
determinations of elements in Typha (detritus) after incubation with nanoparticles and 
rare earth elements. Typha (detritus) contained concentrations below the limit of 
detection for Bi, Ge, Ho, In, Ir, Pd, Rh, Ru, Se, Tb, Te, Tm, and U in both the control and 
nanoparticle-contaminated microcosms. The control plants contained trace amounts of 
Eu, Gd, Ta, Th, and Zr. The order of concentrations are as follows: Zn > Ti > Cu > V > 
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Ga > Nb > Ce > Rb > Ta > Gd > Sc > Eu. Typha adsorbed a significant amount of 
contaminants from the microcosm. 
3.4.11 Microcosms contaminated with nanoparticles and rare earth elements:  Gingko 
biloba. 
 
Table 3.25 and 3.26 contain the results of the ICP-MS and ICP-OES 
determinations of elements in Gingko biloba after incubation with nanoparticles and rare 
earth elements. Gingko biloba plants contained concentrations below the limit of 
detection for Bi, Ge, Ho, In, Ir, Rh, Ru, Se, Tb, Te, Tm, and U in both the control and 
nanoparticle-contaminated microcosms. The control plants contained trace amounts of 
Ce, Eu, Ga, Gd, Nb, Pd, Rb, Sc, Ta, Th, V and Zr. The concentrations of rare earth 
elements in Gingko biloba did not change significantly in the media contaminated with 
nanoparticles, however concentrations increased by an order of magnitude in media 
contaminated with both nanoparticles and rare earth elements. Ru and Se concentrations 
remained below the detection limit for both control and contaminated microcosms.  
3.5  Conclusions 
 
Higher plants interact strongly with their terrestrial environments and are 
expected to be affected exposure to nanomaterials.1 An analytical procedure was 
established for the multielemental determination of metallic salts, metallonanoparticles, 
and rare earth elements in plant (Myriophyllum aquaticum, Elodea canadensis, Luwigia 
palustris, Gingko biloba, and detritus material (plant litter)) meso- and microcosms. 
Plants were incubated in microcosms contaminated with metallic salts, 
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metallonanoparticles, rare earth elements, and rare earth elements in the presence of 
metallonanoparticles. A microwave digestion procedure, using as little as 50 mg of plant 
sample, was carefully established and validated by the analysis of a standard reference 
material (NIST SRM 1573 Tomato Leaves). Low detection limits were achieved for all 
elements during ICP-OES and ICP-MS analysis of plant digestions. Negative control 
microcosms allowed background concentrations to be established for 44 elements for 
plant materials. After exposure to contaminants, evidence of adsorption and uptake was 
shown as an increase in the concentration of metals and rare earth elements in plant 
materials. The above water portion of Myriophyllum aquaticum contained trace 
background concentrations of toxic elements and thus the uptake and transpiration of 
contaminants by the plant was exhibited in the increase of metal concentrations in this 
portion of the plant in comparison to negative control above water portions. This 
quantitative study can be used to track the changes in metal concentrations of aquatic 
plants and to determine the rate of adsorption and uptake of metals in situations of 
accidental or deliberate contamination. 
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3.7 Chapter 3 Tables 
 
Table 3.1: ICP-OES operating conditions and parameters for data acquisition. 
 
Instrumental Parameter  Analyte ȜQP LOD (mg L-1) Standard Source 
RF Power, W 1300 Ag 328.068 0.01 A 
Argon Flow Rate  Al 396.153 0.47 Aa 
Plasma 15.0 As 188.979 0.07 B 
Auxiliary 0.2 Au 267.595 0.001 C 
Nebulizer 0.8 B 249.677 0.03 A 
Sample uptake rate 1.5 Ba 233.527 0.001 A 
Reading/Replicates 1 Cd 228.802 0.008 B 
Integration Minimum, s 1.0 Co 228.616 0.001 B 
Integration Maximum, s 1.0 Cr 267.716 0.002 B 
Read Delay, s 30.0 Cu 327.393 0.04 B 
Replicates 5 Fe 238.204 0.09 B 
Wash Time, s 120.0 Mn 257.610 0.0004 B 
Flush Time, s 8.0 Mo 202.031 0.003 B 
  Ni 231.604 0.01 B 
  Pb 220.353 0.08 B 
  Pd 340.458 0.01 D 
  Sb 206.836 0.07 B 
  Sn 189.927 0.02 E 
  Ti 334.940 0.004 B 
  V 290.880 0.14 B 
  Zn 206.200 0.06 B 
Elemental Standard Source:  
A: Quality Control Standard 7A, 100 mg L-1, PerkinElmer Pure, Shelton, CT, USA 
Aa: Quality Control Standard 7A, 50 mg L-1, PerkinElmer Pure, Shelton, CT, USA 
B: Quality Control Standard 21, 100 mg L-1, PerkinElmer Pure, Shelton, CT, USA 
C: Gold, 1000 mg L-1, Mallinckrodt Baker, Phillipsburg, NJ, USA 
D: Plasma Emission Standard, 999.2 mg L-1, Spectrum Chem Mfg Corp, Gardena, CA, USA 
E: Tin Reference Solution, 1000 mg L-1 ± 1%, Fisher Scientific, Fair Lawn, NJ, USA 
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Table 3.2: ICP-MS operating conditions and parameters for data acquisition. 
 
Instrument Parameters Analyte 
LOD 
(mg L-1) Mass (amu) Standard Source 
ICP-MS, ELAN 6100  Bi 0.005 11.0093 A 
RF Power, W 1300 Ga 0.005 68.9257 D 
Argon Flow Rate  Gd 0.002 157.924 C 
Plasma 15 Ge 0.005 73.9219 B 
Auxiliary 0.2 Ho 0.005 164.93 A 
Nebulizer  Ir 0.004 192.963 E 
Reading/Replicates 3 Nb 0.026 92.906 C 
  Rb 0.001 84.917 B 
  Rh 0.004 102.905 B 
  Ta 0.01 180.948 C 
  Tb 0.004 158.925 A 
  Te 0.004 129.907 B 
  Th 0.002 232.038 A 
  Tm 0.004 168.934 C 
  V 0.006 50.944 A 
 
A: ICP standard solution, 1000 ppm, Specpure, Ward Hill, MA, USA 
B: Plasma Standard, 1000 ppm, Spex, Edison, NJ, USA 
C: Atomic Absorption Standard, Spectrum Chem Mfg Corp, Gardena, CA, USA 
D: Ricca Chemical, 1000 ppm, Arlington, TX, USA 
E: Atomic Spectroscopy Standard, 1000 ppm, PerkinElmer Pure, Shelton, CT, USA  
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Table 3.3: Analytical performance of ICP-OES for the quantification of elements in NIST 
SRM 1573, Tomato Leaves. 
 
Analyte LOD (mg L-1) 
Certified 
(mg kg-1)£ 
Found  
(mg kg-1) 
Recovery 
Spike 
Recovery 
Level 1 
%€ 
Spike 
Recovery 
Level 2 
%€ 
Al 0.47 598 ± 12 441 ± 2 74% - - 
As 0.07 0.112 ± 0.004 - - 99 ± 54 111 ± 7 
Cd 0.08 1.52 ± 0.04 1.43 ± 0.06 94% 102 ± 8 100 ± 2 
Co 0.001 0.57 ± 0.02 - - 96 ± 6 95 ± 1 
Cr 0.002 1.99 ± 0.06 1.71 ± 0.08 86% 113 ± 4 119 ± 24 
Cu 0.04 4.70 ± 0.14 3.68 ± 0.08 78% 109 ± 14 104 ± 2 
Mn 0.0004 246 ± 8 214 ± 5 87% - - 
Mo¥ 0.003 0.46 - - 102 ± 3 105 ± 3 
Ni 0.007 1.59 ± 0.07 - - 101 ± 9 95 ± 2 
V** 0.14 0.835 ± 0.010 0.783 ± 0.272 94% 97 ± 7 96 ± 2 
Zn 0.06 30.9 ± 0.7 31.0 ± 4.57 100% 92 ± 47 118 ± 41 
Rb*  14.89 ± 0.27 11.0 ± 0.3 74% - - 
LOD: mg L-1      
£ Performed using NIST SRM 1573, tomato leaves    
¥ Noncertified mass fractions    
Spike recovery level 1 (a final concentration of 10 ȝJ/-1 of all elements from one standard)  
(n = 3) 
Spike recovery level 2 (a final concentration of 20 ȝJ/-1 of all elements from one standard)  
(n = 3) 
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Table 3.4: Experimental design of individual microcosms. 
 
Microcosm Plants Detritus typha Addition 
1 + + nano 
2 + + nano 
3 + - nano 
4 + - nano 
5 + + control 
6 + + control 
7 + - M20 
8 + - M20 
9 + + M20 
10 + + M20 
Nano = Al2O3, TiO2, CuO, Fe2O3, ZnO, Au nanosuspensions 
A (+) symbol designates the presence of the plant material, while a (-) symbol reflects its absence in the experimental 
microcosm. 
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Table 3.5: Parameters for each microcosm. 
 
Microcosm Plants and Mort Mass Nano
* Rare Earth 
Elements Role 
1 + + + 
contamination of both 
nanoparticles and rare earth 
elements 
2 + + + 
contamination of both 
nanoparticles and rare earth 
elements 
3 - + + control; no plant material 
4 - + + control; no plant material 
5 + - - control; no contamination; no NPs; no REEs 
6 + - - control; no contamination; no NPs; no REEs 
*Nano: CuO, TiO2, and ZnO  
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Table 3.6: Concentrations of metals in incubation medium used for different microcosms. 
 
Sample M 20 dosing medium (n = 3) Nanosuspension dosing medium (n = 3) 
Analyte LOD (mg L-1) Conc (mg kg-1) Conc (mg kg-1) 
Ag 0.01 1.83 ± 0.19 0.01 ± 0.25 
Al 0.47 1.33 ± 1.17 36.3 ± 8.5 
As 0.1 14.2 ± 7.3 8.75 ± 4.11 
Au 0.001 1.50 ± 0.80 < 0.001 
B 0.03 6.28 ± 1.17 17.9 ± 3.13 
Ba 0.001 13.7 ± 0.73 62.5 ± 13.6 
Cd 0.01 23.2 ± 0.50 0.34 ± 0.08 
Co 0.001 8.80 ± 0.47 0.37 ± 0.31 
Cr 0.002 6.95 ± 0.18 0.19 ± 0.12 
Cu 0.04 13.1 ± 0.14 146 ± 66.5 
Fe 0.1 5.24 ± 2.49 147 ± 26.5 
Mn 0.0004 13.7± 0.51 395 ± 127 
Mo 0.003 8.96 ± 0.32 0.45 ± 0.31 
Ni 0.01 8.80 ± 0.28 2.15 ± 1.56 
Pb 0.1 5.55 ± 3.35 7.32 ± 4.76 
Pd 0.01 1.50 ± 0.20 0.91 ± 0.31 
Sb 0.1 6.15 ± 0.30 6.79 ± 2.87 
Sn 0.02 3.27 ± 2.62 5.22 ± 1.80 
Ti 0.004 5.93 ± 3.43 2.95 ± 1.42 
V 0.10 8.13 ± 0.48 0.79 ± 0.30 
Zn 0.06 7.79 ± 3.48 73.8 ± 36.2 
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Table 3.7: Concentrations of metals in incubation medium used for different microcosms. 
 
Sample Plants + Detritus (n = 6) 
Plants + M20 (n 
= 6) 
Analyte LOD (mg L-1) Conc (mg kg
-1) Conc (mg kg-1) 
Ag 0.01 0.022 ± 0.003 0.04 ± 0.003 
Al 0.47 0.08 ± 0.05 0.11 ± 0.02 
As 0.1 0.02 ± 0.018 0.41 ± 0.06 
Au 0.001 0.03 ± 0.005 0.03 ± 0.01 
B 0.03 0.002 ± 0.002 0.18 ± 0.005 
Ba 0.001 < 0.001 0.41 ± 0.06 
Cd 0.01 0.009 ± 0.002 0.55 ± 0.02 
Co 0.001 0.004 ± 0.003 0.22 ± 0.002 
Cr 0.002 0.002 ± 0.001 0.18 ± 0.003 
Cu 0.04 0.23 ± 0.03 0.33 ± 0.02 
Fe 0.1 0.03 ± 0.08 0.05 ± 0.022 
Mn 0.0004 0.30 ± 0.02 0.53 ± 0.01 
Mo 0.003 0.005 ± 0.004 0.24 ± 0.01 
Ni 0.01 0.020 ± 0.006 0.21 ± 0.006 
Pb 0.1 0.01 ± 0.03 0.12 ± 0.02 
Pd 0.01 0.01 ± 0.004 0.03 ± 0.001 
Sb 0.1 0.001 ± 0.003 0.17 ± 0.03 
Sn 0.02 0.01 ± 0.016 0.08 ± 0.03 
Ti 0.004 0.005 ± 0.001 0.14 ± 0.002 
V 0.10 0.010 ± 0.005 0.22 ± 0.002 
Zn 0.06 0.10 ± 0.25 0.27 ± 0.18 
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Table 3.8: Concentrations of metals in incubation medium used for different microcosms. 
 
Sample Plants + Nano (n = 6) Plants + Detritus + Nano (n = 6) 
Plants + Detritus + M20 
(n = 6) 
Analyte LOD (mg L-1) Conc (mg kg
-1) Conc (mg kg-1) Conc (mg kg-1) 
Ag 0.01 0.02 ± 0.002 0.025 ± 0.002 0.04 ± 0.01 
Al 0.47 3.40 ± 1.00 2.97 ± 1.02 0.04 ± 0 .05 
As 0.1 0.006 ± 0.02 0.02 ± 0.03 0.36 ± 0.04 
Au 0.001 0.08 ± 0.02 0.10 ± 0.03 0.03 ± 0.01 
B 0.03 0.015 ± 0.01 0.05 ± 0.02 0.17 ± 0.01 
Ba 0.001 0.005 ± 0.06 0.03 ± 0.05 0.35 ± 0.07 
Cd 0.01 0.008 ± 0.002 0.007 ± 0.001 0.44 ± 0.06 
Co 0.001 0.006 ± 0.004 0.01 ± 0.004 0.18 ± 0.03 
Cr 0.002 0.003 ± 0.003 0.004 ± 0.003 0.16 ± 0.02 
Cu 0.04 3.87 ± 0.06 3.85 ± 0.24 0.31 ± 0.02 
Fe 0.1 0.23 ± 0.06 0.50 ± 0.29 0.06 ± 0.03 
Mn 0.0004 0.19 ± 0.006 0.33 ± 0.06 0.60 ± 0.05 
Mo 0.003 0.004 ± 0.004 0.005 ± 0.005 0.23 ± 0.01 
Ni 0.01 0.02 ± 0.015 0.02 ± 0.003 0.18 ± 0.02 
Pb 0.1 0.02 ± 0.02 0.03 ± 0.01 0.10 ± 0.05 
Pd 0.01 0.01 ± 0.003 0.01 ± 0.005 0.03 ± 0.001 
Sb 0.1 0.01 ± 0.01 0.002 ± 0.006 0.19 ± 0.03 
Sn 0.02 0.02 ± 0.02 0.02 ± 0.007 0.06 ± 0.04 
Ti 0.004 1.38 ± 0.05 1.43 ± 0.30 0.14 ± 0.03 
V 0.10 0.015 ± 0.005 0.02 ± 0.004 0.19 ± 0.02 
Zn 0.06 0.06 ± 0.035 0.15 ± 0.10 0.18 ± 0.05 
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Table 3.9: Concentrations of metals in plants in control microcosms. 
 
Sample AW Myriophyllum Aquaticum (n = 3) 
UW Myriophyllum 
Aquaticum (n = 6) Detritus (n = 6) 
Analyte LOD (mg L-1) Conc (mg kg
-1) Conc (mg kg-1) Conc (mg kg-1) 
Ag 0.01 0.54 ± 0.35 0.01 ± 0.25 0.89 ± 0.23 
Al 0.47 27.1 ± 2.0 36.3 ± 8.5 372 ± 194 
As 0.1 1.49 ± 3.90 8.75 ± 4.11 < 0.07 
Au 0.001 < 0.001 < 0.001 < 0.001 
B 0.03 21.3 ± 1.1 17.9 ± 3.1 18.0 ± 3.0 
Ba 0.001 32.8 ± 11.1 62.5 ± 13.6 76.4 ± 19.6 
Cd 0.01 0.24 ± 0.45 0.34 ± 0.08 0.63 ± 0.12 
Co 0.001 0.06 ± 0.13 0.37 ± 0.31 1.39 ± 0.13 
Cr 0.002 1.62 ± 1.82 0.19 ± 0.12 1.53 ± 0.68 
Cu 0.04 24.3 ± 2.61 146 ± 66.5 31.2 ± 4.4 
Fe 0.1 114 ± 6.76 147 ± 26.5 2618 ± 1526 
Mn 0.0004 835 ± 94.5 395 ± 127 1242 ± 325 
Mo 0.003 0.46 ± 0.62 0.45 ± 0.31 0.63 ± 0.30 
Ni 0.01 1.74 ± 3.01 2.15 ± 1.56 6.09 ± 1.73 
Pb 0.1 0.70 ± 4.14 7.32 ± 4.76 1.53 ± 1.32 
Pd 0.01 1.43 ± 2.11 0.91 ± 0.31 < 0.013 
Sb 0.1 6.86 ± 6.12 6.79 ± 2.87 4.00 ± 0.97 
Sn 0.02 8.34 ± 2.63 5.22 ± 1.80 6.62 ± 1.38 
Ti 0.004 2.31 ± 1.65 2.95 ± 1.42 24.0 ± 13.8 
V 0.10 1.19 ± 1.42 0.79 ± 0.30 2.06 ± 1.66 
Zn 0.06 52.9 ± 8.3 73.8 ± 36.2 22.0 ± 9.1 
AW: above water portion of plant that was not in contact with media, UW: under water portion. 
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Table 3.10: Nanoparticulate Microcosm (-detritus). 
 
Sample AW Myriophyllum Aquaticum (n = 3) 
UW Myriophyllum 
Aquaticum (n = 6) 
Analyte LOD (mg L-1) Conc (mg kg
-1) Conc (mg kg-1) 
Ag 0.01 0.65 ± 0.81 0.12 ± 0.20 
Al 0.47 32.9 ± 32 280 ± 80.9 
As 0.1 < 0.07 0.05 ± 1.65 
Au 0.001 < 0.001 2.39 ± 2.00 
B 0.03 20.8 ± 1.0 17.7 ± 1.7 
Ba 0.001 26.1 ± 6.4 77.4 ± 9.5 
Cd 0.01 0.34 ± 0.18 0.33 ± 0.07 
Co 0.001 0.72 ± 0.23 2.11 ± 1.17 
Cr 0.002 0.92 ± 0.68 0.46 ± 0.20 
Cu 0.04 19.3 ± 5.3 834 ± 224 
Fe 0.1 98.3 ± 9.4 624 ± 158 
Mn 0.0004 415 ± 29.0 240 ± 54.0 
Mo 0.003 0.38 ± 0.42 0.93 ± 0.23 
Ni 0.01 1.23 ± 1.28 2.20 ± 0.7 
Pb 0.1 0.26 ± 3.27 4.86 ± 2.46 
Pd 0.01 0.68 ± 0.26 < 0.013 
Sb 0.1 4.35 ± 2.00 8.70 ± 0.99 
Sn 0.02 4.52 ± 1.29 8.97 ± 0.66 
Ti 0.004 4.85 ± 6.35 533 ± 139 
V 0.10 < 0.143 1.59 ± 0.23 
Zn 0.06 38.5 ± 23.2 74.1 ± 15.7 
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Table 3.11: Nanoparticulate Microcosm (+detritus). 
 
Sample AW Myriophyllum 
Aquaticum (n = 3) 
UW Myriophyllum 
Aquaticum (n = 6) 
Detritus (n = 6) 
Analyte LOD 
(mg L-1) 
Conc (mg/kg) Conc (mg/kg) Conc (mg/kg) 
Ag 0.01 4.70 ± 4.09 0.41 ± 0.32 2.57 ± 2.27 
Al 0.47 104 ± 109 655 ± 156 732 ± 123 
As 0.1 1.46 ± 11.2 2.16 ± 3.69 1.65 ± 2.52 
Au 0.001 < 0.001 6.45 ± 2.70 3.07 ± 2.59 
B 0.03 28.0 ± 22.1 20.4 ± 3.2 16.1 ± 15.8 
Ba 0.001 37.9 ± 28.8 78.9 ± 9.1 103 ± 59.3 
Cd 0.01 0.36 ± 0.64 0.34 ± 0.07 0.72 ± 0.10 
Co 0.001 0.90 ± 0.66 1.31 ± 0.39 2.04 ± 0.34 
Cr 0.002 1.11 ± 0.94 0.72 ± 0.42 2.44 ± 0.34 
Cu 0.04 87.4 ± 89.1 1016 ± 330 371 ± 48.9 
Fe 0.1 198 ± 177 870 ± 225 2891 ± 1190 
Mn 0.0004 840 ± 642 385 ± 162 1917 ± 1460 
Mo 0.003 0.49 ± 0.40 0.92 ± 0.24 0.43 ± 0.30 
Ni 0.01 0.88 ± 1.09 1.01 ± 1.05 3.44 ± 0.45 
Pb 0.1 1.48 ± 0.75 4.61 ± 3.56 3.42 ± 5.13 
Pd 0.01 0.77 ± 0.57 < 0.013 < 0.013 
Sb 0.1 6.20 ± 4.80 9.89 ± 1.52 4.42 ± 1.59 
Sn 0.02 4.75 ± 2.43 7.81 ± 1.32 7.37 ± 2.08 
Ti 0.004 55.6 ± 58.7 585 ± 166 280 ± 62.5 
V 0.10 < 0.143 1.80 ± 0.40 2.56 ± 0.76 
Zn 0.06 54.5 ± 39.1 78.8 ± 28.6 38.2 ± 27.2 
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Table 3.12: Metallic Salts Microcosm (+detritus). 
 
Sample AW Myriophyllum Aquaticum (n = 3) 
UW Myriophyllum 
Aquaticum (n = 6) Detritus (n = 6) 
Analyte LOD (mg L-1) Conc (mg kg
-1) Conc (mg kg-1) Conc (mg kg-1) 
Ag 0.01 1.50 ± 0.56 10.8 ± 1.9 20.2 ± 4.3 
Al 0.47 31.1 ± 9.0 83.5 ± 9.8 629 ± 246 
As 0.1 < 0.07 38.2 ± 4.3 73.3 ± 17.9 
Au 0.001 < 0.001 < 0.001 < 0.001 
B 0.03 23.9 ± 5.6 26.7 ± 2.3 19.4 ± 7.9 
Ba 0.001 32.9 ± 4.8 135 ± 16.3 257 ± 115 
Cd 0.01 9.71 ± 0.96 188 ± 44.9 314 ± 46.2 
Co 0.001 3.21 ± 1.64 59.4 ± 14.4 110 ± 16.6 
Cr 0.002 8.38 ± 11.6 42.3 ± 8.2 42.1 ± 6.2 
Cu 0.04 16.3 ± 1.4 216 ± 46.1 68.6 ± 11.0 
Fe 0.1 139 ± 124 209 ± 23.9 4204 ± 1013 
Mn 0.0004 317 ± 78 495 ± 72.4 2891 ± 1790 
Mo 0.003 4.87 ± 1.17 75.3 ± 21.5 13.5 ± 2.3 
Ni 0.01 6.73 ± 5.16 60.4 ± 15.3 113 ± 14.2 
Pb 0.1 1.07 ± 6.25 50.5 ± 9.8 36.7 ± 7.9 
Pd 0.01 1.98 ± 1.09 12.0 ± 1.4 < 0.01 
Sb 0.1 5.81 ± 3.45 24.8 ± 3.3 17.1 ± 3.2 
Sn 0.02 6.61 ± 4.01 28.6 ± 4.2 21.5 ± 2.9 
Ti 0.004 5.83 ± 6.16 26.0 ± 6.6 63.4 ± 20.7 
V 0.10 0.97 ± 0.75 92.4 ± 31.3 61.1 ± 8.1 
Zn 0.06 40.7 ± 26.6 177 ± 29.1 108 ± 16.1 
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Table 3.13: Myriophyllum aquaticum biomass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) Contaminated with NPs (n = 6) 
Contaminated with NPs 
and REEs (n = 6) 
Bi 0.005 < 0.005 < 0.005 53.8 ± 21.6 
Ga 0.005 4.59 ± 1.59 2.42 ± 0.79 45.8 ± 20.9 
Gd 0.002 < 0.002 < 0.002 98.2 ± 50.2 
Ge 0.005 < 0.005 < 0.005 166 ± 68 
Ho 0.005 < 0.005 < 0.005 72.4 ± 37.7 
Ir 0.004 < 0.004 < 0.004 11.6 ± 4.2 
Nb 0.03 1.57 ± 0.26 1.66 ± 0.27 19.8 ± 5.8 
Rb 0.001 4.50 ± 0.92 2.82 ± 0.70 5.51 ± 2.61 
Rh 0.004 < 0.004 < 0.004 0.5 ± 0.4 
Ta 0.01 0.65 ± 0.07 0.68 ± 0.03 1.44 ± 0.43 
Tb 0.004 < 0.004 < 0.004 78.6 ± 40.4 
Te 0.004 < 0.004 < 0.004 34.8 ± 11.2 
Th 0.002 0.10 < 0.002 33.6 ± 23.1 
Tm 0.004 < 0.004 < 0.004 71.6 ± 38.1 
V 0.006 1.68 ± 0.31 1.73 ± 0.41 20.4 ± 8.4 
*Determined by ICP-MS. 
Table 3.14: Myriophyllum aquaticum biomass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) Contaminated with NPs and REEs (n = 6) 
Ce 0.003 0.40 ± 0.21 215 ± 109 
Cu 0.001 169 ± 134 221 ± 133 
Eu 0.002 < 0.002 210 ± 124 
In 0.01 < 0.008 72.7 ± 44.0 
Pd 0.01 0.69 ± 1.86 10.1 ± 2.6 
Ru 0.0002 0.12 ± 0.08 24.2 ± 15.6 
Sc 0.001 0.08 ± 0.01 36.0 ± 23.3 
Se 0.03 < 0.031 9.9 ± 15.7 
Ti 0.0004 1.28 ± 0.86 52.3 ± 20.1 
U 0.001 < 0.001 20.5 ± 6.1 
Zn 0.005 83.4 ± 32.1 71.8 ± 25.5 
Zr 0.002 0.30 ± 0.05 28.7 ± 11.9 
*Determined by ICP-OES. 
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Table 3.15: Myriophyllum aquaticum mort mass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) Contaminated with NPs (n = 6) 
Contaminated with NPs 
and REEs (n = 6) 
Bi 0.005 < 0.005 < 0.005 16.0 ± 3.7 
Ga 0.005 9.05 ± 2.46 2.84 ± 0.40 15.8 ± 7.3 
Gd 0.002 < 0.002 < 0.002 28.4 ± 15.9 
Ge 0.005 < 0.005 < 0.005 147 ± 60.1 
Ho 0.005 < 0.005 < 0.005 25.3 ± 13.7 
Ir 0.004 < 0.004 < 0.004 8.0 ± 3.9 
Nb 0.03 1.37 ± 0.04 3.13 ± 1.37 24.7 ± 7.5 
Rb 0.001 0.50 ± 0.09 0.25 ± 0.03 8.94 ± 2.44 
Rh 0.004 < 0.004 < 0.004 2.14 ± 0.91 
Ta 0.01 0.65 ± 0.02 0.73 ± 0.06 0.98 ± 0.15 
Tb 0.004 < 0.004 < 0.004 25.8 ± 13.8 
Te 0.004 < 0.004 < 0.004 18.5 ± 8.0 
Th 0.002 < 0.002 < 0.002 42.8 ± 14.2 
Tm 0.004 < 0.004 < 0.004 25.4 ± 13.3 
V 0.006 0.89 ± 0.07 1.01 ± 0.06 14.5 ± 6.1 
*Determined by ICP-MS. 
Table 3.16: Myriophyllum aquaticum mort mass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) Contaminated with NPs and REEs (n = 6) 
Ce 0.003 < 0.003 60.0 ± 24.4 
Cu 0.001 73.7 ± 57.1 138 ± 39.6 
Eu 0.002 < 0.002 51.5 ± 19.0 
In 0.01 < 0.008 19.6 ± 6.0 
Pd 0.01 1.89 ± 1.28 9.59 ± 1.09 
Ru 0.0002 < 0.0002 5.60 ± 2.05 
Sc 0.001 0.09 ± 0.002 18.9 ± 2.2 
Se 0.03 < 0.031 12.6 ± 8.0 
Ti 0.0004 0.11 ± 0.03 59.1 ± 34.0 
U 0.001 < 0.001 22.7 ± 6.03 
Zn 0.005 74.0 ± 31.5 102 ± 30.4 
Zr 0.002 0.19 ± 0.15 15.5 ± 9.0 
*Determined by ICP-OES. 
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Table 3.17: Elodea canadensis, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) 
Contaminated with 
NPs (n = 6) 
Contaminated with NPs 
and REEs (n = 6) 
Bi 0.005 < 0.005 < 0.005 207 ± 16 
Ga 0.005 19.2 ± 1.73 13.5 ± 2.91 41.0 ± 7.4 
Gd 0.002 0.06 ± 0.04 < 0.002 163 ± 13 
Ge 0.005 < 0.005 < 0.005 846 ± 37 
Ho 0.005 < 0.005 < 0.005 120 ± 12 
Ir 0.004 < 0.004 < 0.004 88 ± 7 
Nb 0.03 1.61 ± 0.53 3.79 ± 3.78 25 ± 9 
Rb 0.001 5.86 ± 1.60 6.49 ± 0.89 13.4 ± 2.3 
Rh 0.004 < 0.004 < 0.004 4.51 ± 0.39 
Ta 0.01 0.75 ± 0.26 0.76 ± 0.11 2.22 ± 0.27 
Tb 0.004 < 0.004 < 0.004 136 ± 11.3 
Te 0.004 < 0.004 < 0.004 165 ± 26 
Th 0.002 < 0.002 < 0.002 96.1 ± 26.0 
Tm 0.004 < 0.004 < 0.004 116.1 ± 9.5 
V 0.006 8.01 ± 1.06 5.88 ± 0.93 77 ± 17.0 
*Determined by ICP-MS. 
 
Table 3.18: Elodea canadensis, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) Contaminated with NPs and REEs (n = 6) 
Ce 0.003 1.84 ± 0.36 467 ± 350 
Cu 0.001 142 ± 20.3 859 ± 319 
Eu 0.002 < 0.002 317 ± 36.7 
In 0.01 < 0.008 254 ± 52.7 
Pd 0.01 < 0.01 161 ± 41.2 
Ru 0.0002 < 0.0002 146 ± 40.8 
Sc 0.001 0.22 ± 0.09 172 ± 54.2 
Se 0.03 < 0.031 187 ± 75.1 
Ti 0.0004 22.6 ± 5.7 109 ± 122 
U 0.001 < 0.001 81.0 ± 140.5 
Zn 0.005 144 ± 81.5 232 ± 94.1 
Zr 0.002 0.95 ± 1.05 31.4 ± 19.5 
*Determined by ICP-OES. 
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Table 3.19: Ludwigia palustris biomass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg/L) Control (n = 4) 
Contaminated with 
NPs (n = 4) 
Contaminated with NPs 
and REEs (n = 4) 
Bi 0.005 < 0.005 < 0.005 81.7 ± 42.2 
Ga 0.005 14.0 ± 1.23 18.3 ± 6.8 38.6 ± 23.3 
Gd 0.002 0.02 ± 0.02 0.14 ± 0.03 70.4 ± 27.6 
Ge 0.005 < 0.005 < 0.005 234 ± 111 
Ho 0.005 < 0.005 < 0.005 56.1 ± 21.7 
Ir 0.004 < 0.004 < 0.004 26.3 ± 12.6 
Nb 0.03 1.38 ± 0.06 2.74 ± 1.87 15.7 ± 4.69 
Rb 0.001 20.7 ± 1.6 16.6 ± 6.1 18.0 ± 8.8 
Rh 0.004 < 0.004 < 0.004 2.91 ± 1.64 
Ta 0.01 0.65 ± 0.02 0.68 ± 0.03 1.36 ± 0.22 
Tb 0.004 < 0.004 < 0.004 60.0 ± 23.4 
Te 0.004 < 0.004 < 0.004 121 ± 113 
Th 0.002 < 0.002 < 0.002 66.5 ± 46.2 
Tm 0.004 < 0.004 < 0.004 54.0 ± 19.1 
V 0.006 4.9 ± 0.6 6.86 ± 3.21 61.0 ± 47.6 
*Determined by ICP-MS. 
 
Table 3.20: Ludwigia palustris biomass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) 
Contaminated with NPs 
and REEs (n = 6) 
Ce 0.003 1.29 ± 0.39 153 ± 30.6 
Cu 0.001 46.8 ± 2.8 291 ± 45.6 
Eu 0.002 < 0.002 137 ± 22.8 
In 0.01 < 0.008 67.8 ± 15.7 
Pd 0.01 < 0.013 40.8 ± 10.6 
Ru 0.0002 < 0.0002 73.7 ± 13.4 
Sc 0.001 0.18 ± 0.06 43.6 ±10.7 
Se 0.03 < 0.031 320 ± 224 
Ti 0.0004 15.4 ± 1.9 92.8 ± 7.7 
U 0.001 < 0.001 < 0.001 
Zn 0.005 103 ± 10.2 157 ± 26.1 
Zr 0.002 0.35 ± 0.14 27.7 ± 15.8 
*Determined by ICP-OES. 
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Table 3.21: Ludwigia palustris mort mass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg/L) Control (n = 4) 
Contaminated with 
NPs (n = 4) 
Contaminated with NPs 
and REEs (n = 4) 
Bi 0.005 < 0.005 < 0.005 42.4 ± 3.6 
Ga 0.005 33.3 ± 16.9 28.0 ± 17.7 102 ± 70 
Gd 0.002 0.13 ± 0.02 < 0.002 195 ± 92 
Ge 0.005 < 0.005 < 0.005 502 ± 179 
Ho 0.005 < 0.005 < 0.005 157 ± 76.5 
Ir 0.004 < 0.004 < 0.004 21.4 ± 2.5 
Nb 0.03 1.42 ± 0.05 2.34 ± 0.88 27.1 ± 12.7 
Rb 0.001 0.93 ± 0.47 5.12 ± 14.0 8.03 ± 0.77 
Rh 0.004 < 0.004 < 0.004 2.2 ± 0.4 
Ta 0.01 0.67 ± 0.02 0.69 ± 0.05 2.37 ± 0.90 
Tb 0.004 < 0.004 < 0.004 166 ± 79 
Te 0.004 < 0.004 < 0.004 116 ± 27.9 
Th 0.002 < 0.002 < 0.002 30.9 ± 7.2 
Tm 0.004 < 0.004 < 0.004 154 ± 70.8 
V 0.006 8.83 ± 4.37 8.51 ± 4.70 120 ± 51.2 
*Determined by ICP-MS. 
Table 3.22: Ludwigia palustris mort mass, concentration presented in mg kg-1. 
 
Analyte* LOD (mg L-1) Control (n = 6) 
Contaminated with NPs and 
REEs (n = 6) 
Ce 0.003 3.16 ± 0.66 450 ± 119 
Cu 0.001 46.5 ± 2.9 760 ± 59.9 
Eu 0.002 < 0.002 385 ± 85.5 
In 0.01 < 0.008 169 ± 23.4 
Pd 0.01 < 0.013 11.4 ± 8.9 
Ru 0.0002 < 0.0002 23.7 ± 29.0 
Sc 0.001 0.34 ± 0.07 70.9 ± 16.3 
Se 0.03 < 0.031 587 ± 105 
Ti 0.0004 24.9 ± 8.41 60.3 ± 5.9 
U 0.001 < 0.001 < 0.001 
Zn 0.005 101 ± 14.2 243 ± 11.7 
Zr 0.002 0.83 ± 0.34 105 ± 32.9 
*Determined by ICP-OES. 
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Table 3.23: Typha (detritus), concentration presented in mg kg-1. 
 
Analyte* LOD (mg/L) Control (n = 6) 
Contaminated with 
NPs (n = 6) 
Contaminated with NPs and 
REEs (n = 6) 
Bi 0.005 < 0.005 < 0.005 43.6 ± 14.3 
Ga 0.005 5.73 ± 2.6 4.62 ± 2.09 55.7 ± 11.8 
Gd 0.002 0.32 ± 0.09 0.34 ± 0.06 143 ± 22.6 
Ge 0.005 < 0.005 < 0.005 148 ± 43.9 
Ho 0.005 < 0.005 < 0.005 114 ± 19.0 
Ir 0.004 < 0.004 < 0.004 30.5 ± 7.2 
Nb 0.03 1.49 ± 0.03 4.22 ± 2.59 58.6 ± 22.2 
Rb 0.001 2.1 ± 0.41 1.77 ± 0.34 7.92 ± 3.49 
Rh 0.004 < 0.004 < 0.004 3.3 ± 1.0 
Ta 0.01 0.65 ± 0.01 0.82 ± 0.13 1.81 ± 0.19 
Tb 0.004 < 0.004 < 0.004 119 ± 18.8 
Te 0.004 < 0.004 < 0.004 55.1 ± 19.4 
Th 0.002 0.15 ± 0.11 < 0.002 39.9 ± 13.7 
Tm 0.004 < 0.004 < 0.004 113 ± 18.7 
V 0.006 6.68 ± 1.04 7.09 ± 1.77 47.4 ± 9.1 
*Determined by ICP-MS. 
 
Table 3.24: Typha (detritus), concentration presented in mg kg-1. 
 
Analyte LOD (mg L-1) Control (n = 6) 
Contaminated with NPs 
and REEs (n = 6) 
Ce 0.003 3.77 ± 0.65 306 ± 53.4 
Cu 0.001 24.9 ± 3.4 373 ± 75.1 
Eu 0.002 0.04 ± 0.01 262 ± 52.8 
In 0.01 < 0.008 95.9 ± 21.3 
Pd 0.01 < 0.013 25.5 ± 9.7 
Ru 0.0002 < 0.0002 14.4 ± 13.3 
Sc 0.001 0.26 ± 0.06 62.2 ± 19.9 
Se 0.03 < 0.031 61.1 ± 21.5 
Ti 0.0004 49.5 ± 10.4 86.4 ± 44.3 
U 0.001 < 0.001 24.4 ± 16.4 
Zn 0.005 158 ± 32.6 131 ± 20.8 
Zr 0.002 0.80 ± 0.28 103 ± 18.2 
*Determined by ICP-OES. 
  
  
155 
 
Table 3.25: Gingko biloba, concentrations presented in mg kg-1. 
 
Analyte LOD (mg/L) Control (n = 4) 
Contaminated 
with NPs (n = 4) 
Contaminated with NPs 
and REEs (n = 4) 
Bi 0.005 < 0.005 < 0.005 22.6 ± 5.9 
Ga 0.005 7.08 ± 1.74 4.91 ± 0.30 9.35 ± 2.00 
Gd 0.002 0.17 ± 0.17 < 0.002 12.8 ± 4.6 
Ge 0.005 < 0.005 < 0.005 36.9 ± 12.9 
Ho 0.005 < 0.005 < 0.005 10.9 ± 4.2 
Ir 0.004 < 0.004 < 0.004 4.40 ± 1.34 
Nb 0.03 1.44 ± 0.10 2.74 ± 1.56 30.9 ± 10.0 
Rb 0.001 1.38 ± 1.07 0.66 ± 0.39 3.12 ± 0.69 
Rh 0.004 < 0.004 < 0.004 0.57 ± 0.15 
Ta 0.01 0.65 ± 0.07 0.79 ± 0.12 1.41 ± 0.68 
Tb 0.004 < 0.004 < 0.004 11.3 ± 4.3 
Te 0.004 < 0.004 < 0.004 38.5 ± 8.1 
Th 0.002 0.15 ± 0.24 < 0.002 10.6 ± 2.6 
Tm 0.004 < 0.004 < 0.004 10.4 ± 3.8 
V 0.006 2.14 ± 1.23 1.47 ± 0.46 5.82 ± 1.73 
*Determined by ICP-MS. 
Table 3.26: Gingko biloba, concentrations presented in mg kg-1. 
  
Analyte* LOD (mg L-1) Control (n = 6) 
Contaminated with NPs 
and REEs (n = 6) 
Ce 0.003 1.89 ± 1.46 29.9 ± 7.4 
Cu 0.001 12.4 ± 2.9 43.8 ± 6.8 
Eu 0.002 0.01 ± 0.01 23.3 ± 5.3 
In 0.01 < 0.008 8.0 ± 2.7 
Pd 0.01 0.54 ± 1.96 13.7 ± 9.3 
Ru 0.0002 < 0.0002 < 0.0002 
Sc 0.001 0.16 ± 0.10 9.1 ± 2.3 
Se 0.03 < 0.031 < 0.031 
Ti 0.0004 37.9 ± 34.4 156 ± 22.5 
U 0.001 < 0.001 2.75 ± 7.20 
Zn 0.005 17.2 ± 6.4 42.7 ± 8.6 
Zr 0.002 0.75 ± 0.38 9.6 ± 2.5 
*Determined by ICP-OES. 
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3.8 Chapter 3 Figures 
   
  
Figure 3.1: Dried plants from left to right: Myrionphyllum aquaticum biomass, Elodea 
canadensis biomass, Ludwigia palustris biomass, Myriophyllym aquaticum mortmass, 
Ludiwigia palustris mortmass, Typha litter (detritus), and Gingko biloba litter. 
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CHAPTER 4 
 
DETERMINATION OF TITANIUM AND OTHER TRACE ELEMENTS IN 
 CONSUMER PRODUCTS AND FOODSTUFFS 
4.1 Introduction 
 
According to Powell et al.,1 compared to other metal and metal oxide 
nanoparticles, intake of TiO2 by food consumption is estimated to be 5 mg TiO2/person/d 
with an unknown amount of titanium in the nanoform. Lomer et al.2 estimated the total 
dietary intake of nano-TiO2 to be 2.5 mg/individual/d (0.036 mg kg-1 for a person 
weighing 70 kg). Many metal and metal oxide particle oral exposure studies have been 
conducted using rodent models. For these studies, doses are typically delivered either by 
gavage and intragastrial ingestion, or in drinking water. Duan et al.3 conducted a study 
where rodents were exposed to 62.5, 125, and 250 mg kg-1 5 nm nano-TiO2 for 30 d. 
Results showed a reduction of body weight, liver damage, and pathological blood count 
DWFRQFHQWUDWLRQVPJNJ-1. Troullier et al.4 found exposing rodents to 60-600 mg L-1 
of 25 nm nano-TiO2 for 5 d induced DNA damage. Jani et al.5 exposed rodents to 12.5 
mg kg-1 500 nm nano-TiO2 for 10 d and found uptake of particles in the GI tract, liver, 
lung, spleen, heart, and kidneys. Animal models provide useful information concerning 
the toxicity of nanomaterials, however the fate of ingested nanomaterials humans is not 
well-studied. The fate of nanomaterials and routes of exposure are integral to 
understanding the implications of the ever-increasing incorporation of nanomaterials into 
our everyday life. Nanomaterials relevant for oral exposure include cosmetics 
(sunscreens, lipsticks, skin creams, toothpaste) and foods (packaging, food additives, 
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juice clarifiers).6 According to Frohlich and Roblegg,6 nanoparticles in cosmetics and 
ingredients in food packaging may accidentally get into the gastrointestinal tract. The 
Woodrow Wilson Nanotechnology Consumer Products Inventory 20117 found that silver 
nanoparticles are the most prevalent, followed by titanium dioxide, zinc oxide, platinum, 
and silicium oxide nanomaterials. There is an interest in the detection of constituents of 
nanomaterials in biological samples, including human breast milk samples. In particular, 
this work was centered around characterizing human breast milk for the presence of 
titanium dioxide nanoparticles. Given the effect that both diet and usage of consumer 
products have on the content of breast milk, a method was reported for the determination 
of titanium in a variety of consumer products: select snack foods and as well as consumer 
products, such as facial scrubs, lotions, toothpaste, and pain relief tablets. Some products 
indicated the presence of titanium dioxide as an ingredient, and others were selected for 
analysis as a result of the opaque appearance of components such as crème fillings. 
4.2  Experimental  
 
4.2.1 Instrumentation 
 
Trace elements were determined with a PerkinElmer® DV 4300 inductively 
coupled plasma optical emission spectrometer (Shelton, CT, USA). The instrumental 
operating parameters are listed in Table 4.1. Parameters such as flow rates, power, and 
integration times were those recommended by the manufacturer. Prior to analysis of each 
sample, a flush time of 8 s was chosen to ensure that the signal reached a steady state. 
Attention was paid to the display window to assure that the signals of all elements 
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returned to signals close to that of the blank prior to analyzing the subsequent sample. 
Digestion of samples was carried out with a microwave-assisted reaction system (MARS 
with Xpress Technology, CEM Corporation, Matthews, NC, USA) operated under power 
control conditions. Sonication was performed with a Branson Ultrasonic Cleaner 
(Shelton, CT, USA). A Misonix Sonicator 4000 Ultrasonic Liquid Processor with a 1 x 1 
cm standard ½ inch horn tip (Misonix, Inc., Farmingdale, NY, USA) was used for the 
ultrasonication of lotions and consumer products.  
4.2.2 Reagents and chemicals 
 
High purity HNO3 (70%, Fisher Scientific, Fair Lawn, NJ, USA) was utilized for 
cleaning glassware, preparing standard solutions, and digesting samples. A stock multi-
element standard solution (Quality Control Standard 21, PerkinElmer Pure, Shelton, CT, 
USA), containing 100 mg L-1 of each element, was used for preparing calibration 
standards. Standards were prepared from the stock solution with 16 % nitric acid using 
GHLRQL]HGZDWHU0FP%DUQVWHDG(-Pure, Dubuque, IO, USA) prior to analysis. 
An infant formula reference material (NIST SRM 1846, Gaithersburg, MD, USA) was 
utilized to assess the accuracy of the method developed. Food products were purchased 
from a local store.  
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4.3  Method Development 
 
4.3.1 Sample preparation 
 
Table 4.2 contains product details for foodstuffs used in experiments. Powdered 
donuts, and three cake products with white “cream” fillings were purchased at a local 
store. The powder (~2.5 g) from the powdered donuts was removed from the outside of 
the donut with a scalpel, while the “cream” fillings were removed from the cake products. 
The “cream” fillings were weighed onto a watch glass and dried at 80 °C, until a constant 
weight was achieved. Subsequently, 0.1 g of each food sample was microwave digested 
with 3 mL HNO3, in triplicate, by ramping to 140 °C for 20 min, and held at 140 °C for 
10 min. After cooling to room temperature for 2 h, the digests were diluted in a similar 
fashion as mentioned. For the analysis of ibuprofen tablet samples, tablets (mean weight 
0.3271 g) were ground into a fine powder by mortar and pestle. A weight of 0.05 g were 
microwave digested with 4 mL HNO3, in triplicate, by ramping to 140 °C for 20 min, and 
held at 140 °C for 10 min. Cooled samples were diluted to 25 mL with deionized water. 
Single bite-sized fruit candies of five different colors (blue, green, pink, purple, 
and red; ~1.0 g each) were placed in centrifuge tubes, in duplicate, and 10 mL of water 
was added to each. The color on the outer shell began to dissolve immediately. The 
VDPSOHVZHUHOHIWRYHUQLJKWWRGLVVROYHFRPSOHWHO\6DPSOHVZHUHILOWHUHGZLWKȝP 
filters. 0.2 mL of each filtered sample was then diluted to 10 mL with deionized water, 
and analyze by ICP-2(6 $  ȝJ /-1 quality control standard was analyzed after the 
analysis of each color to assure that there was no drift in the instrumental drift. 0.5 mL of 
filtrate of each color (5 colors in total) was then microwave digested with 2 mL HNO3, in 
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triplicate, by ramping to 140 °C for 20 min, and held at 140 °C for 10 min. Samples were 
diluted to 20 mL with 1 mM citric acid and analyzed by ICP-OES.  
Table 4.3 provides information regarding the consumer products used in this 
study. Modeling the protocol developed by Zachariadis et al.,8 the extraction of TiO2 
particles from five consumer products was initiated by dispensing 0.5 g of each product 
into 25 ml of water and tip sonicated using a Misonix Sonicator 4000 Ultrasonic Liquid 
Processor with a 1 x 1 cm standard ½ inch horn tip under the following conditions: 
Amplitude: 35 W, Pulse time on: 1 s, Pulse time off: 1 s, 60 s., room temperature. 
Subsequently 20 mL of methanol was added and sonication was repeated. The mixture 
was transferred into a separatory funnel and 10 mL of hexane was added. The mixture 
was shaken vigorously for 1 min and allowed to equilibrate for 1 h. The organic and 
aqueous phases were separated and the organic solvent was stripped off by hotplate 
evaporation. The remaining phase was diluted to 50 ml and subsequently; the Ti content 
was assessed by ICP-OES.  
4.3.2 Method Validation 
 
The accuracy of the method was validated through the analysis of NIST SRM 
1846 Infant Formula. Table 4.4 presents the results of method validation. It can be seen 
that there are no significant differences between the results obtained and the reference 
values. 
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4.3.3 Analysis of food stuffs 
 
Table 4.4 shows the results for the determination of trace elements in 4 snack 
products. A calibration blank sample was analyzed to assess the effect of post-digestion 
dilutions on the contribution of Ti concentrations in all samples. Dilutions with deionized 
water would seem to contribute a negligible amount of Ti to the digests. Additionally, a 
standard reference material was analyzed along with snack products and validated. 
Titanium dioxide was only listed as an ingredient in the mini donut product.  The crème 
fillings of all products contained the highest amount of calcium, magnesium, iron, zinc, 
and copper while only a trace amount of cobalt, chromium, manganese, nickel, and 
titanium was found. Cadmium FRQFHQWUDWLRQV UDQJHG IURP  WR  ȝJ /-1 in these 
selected snack foods. Cadmium is a toxic and carcionogenic heavy metal released into the 
environment as a result of industrial and agricultural activities.9,10 For the powdered mini 
donuts, a concentration of 35.3 ± 2.5 mg kg-1 was found. Analysis of the total weight of 
powder that was scraped from the exterior of the donut would potentially yield ingestion 
of 76 ȝJRI7L7LWDQLXPGLR[LGHDQDOORZDEOHIRRGDGGLWLYHPD\EHXVHGLQIRRGVDVD
color agent as well as an anticaking agent. Only a trace amount of Ti, Co, Cr, Mn, and Ni 
were detected in the crème fillings, however, significant concentrations of Ca, Fe, and Zn 
were detected. 
4.3.4 Analysis of TiO2 containing ibuprofen tablets 
 
The pain relief tablets used within this study contained a product label indicating 
the presence of titanium dioxide as an ingredient. Analyses of a 50 mg sample resulted in 
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below detection limit concentrations of As, Ca, Cd, Cu, Mg, Mn, and Pb. Contrarily, an 
average Ti concentration of 56.5 ± 10.6 mg kg-1 was found (n = 3). Analysis of an entire 
tablet would potentially yield ingestion of 18 mg of Ti. 
4.3.5 Analysis of titanium containing candies 
 
The analysis of bite-sized candies was initially accomplished with minimal 
sample preparation. The purpose of this preliminary experiment was to confirm the 
presence of titanium. Serial dilutions of the dissolved candies were employed with the 
absence of an acid digestion step.  Table 4.5 presents the results of this preliminary 
experiment. Results confirm the presence of titanium in formulating the outer shell 
coating for the bite-sized candy, with the green candies containing the highest amount of 
titanium. The order of concentration of titanium in the different colored bite-sized 
candies was as follows: green > pink > purple > blue > red. Interestingly, while most of 
the colors contained trace amounts of iron, the blue bite-sized candy contained three 
orders of magnitude more iron. The blue bite-sized candies also contained the highest 
concentration of chromium and copper. The samples were not homogenous as confirmed 
by the variability in the sample concentrations.  A more aggressive digestion procedure 
was needed for complete dissolution of metals within the sample. Tables 4.6 and 4.7 
present the results of the ICP-OES determination of trace elements in candy after 
microwave digestion. The concentrations of nickel and chromium in digested candy 
samples were below the limit of detection and this is likely due to the dilution factor after 
digestion. For the determination of copper and iron, acid digestion was required for 
dissolution.   
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The detection limit for this method was calculated as the concentration of three 
times the standard deviation of 10 blank measurements. 
4.3.6 Analysis of cosmetic products 
 
Five commercially available products (two facial cleansers, two lotions, and one 
toothpaste), with product labels indicating the presence of titanium dioxide, were 
analyzed for trace elements by ICP-OES following an ultrasonic-assisted extraction. 
Product labels for consumer products, including those used in this study, typically are 
absent of quantitative information. Table 4.8 exhibits the results of the trace elemental 
analysis of the five products. Only the aqueous layer of the extractions performed on each 
sample were analyzed. The high Ti concentration in the cleansers and lotions is due to its 
uses as a UV filter or color agent.  Neither As nor Mn were detectable in any of the 
sample extractions, while only a trace amount of Ni was found. Within this method, the 
most abundant elements found were Ca, Mg, Fe, and Zn. 
4.4 Conclusions 
 
A method was also developed for the determination of 11 trace elements (As, Ca, 
Co, Cr, Cu, Fe, Mg, Mn, Ni, Ti, and Zn) in six consumer products (two facial cleansers, 
two lotions, one toothpaste, and pain relief tablets) and six food products. Products were 
selected on the basis that the product label indicated titanium dioxide was used included 
as an ingredient, as well as the opaque appearance components of the food, such as a 
crème filling. Concentrations of Ti in the five consumer products ranged from 102 to 725 
mg kg-1 and 56.5 ± 10.6 mg kg-1 in pain relief tablets. Titanium particles were extracted 
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from complex mixtures using organic solvents and total titanium concentrations were 
determined ICP-OES. The second highest concentration of titanium for consumer 
products in this study was found in fluoride whitening toothpaste. Oral exposure to 
titanium dioxide and other nanomaterials in consumer products is an obvious concern 
however, the fate of titanium nanoparticles in food after consumption has not been 
studied. Zinc oxide has been used in many sunscreen and lotion formulations, but 
interestingly, zinc was detected in only two of the four facial products analyzed in this 
study. As, Ca, Co, Cd, Cu, Mg, Mn, and Pb were undetected in pain relief tablets. 
Concentrations of Ti in food ranged from 0.20 to 35.3 mg kg-1 and the pink “bite-sized 
candy” contained the highest concentration, of titanium of all 5 colors. Other ingredients 
in the “bite-sized candy” appear to have made homogenous sampling of dissolved 
candies difficult as indicated by the variability concentrations for Fe and Ni. Copper was 
not detected in four of the colors in the screening procedure, but was dissolved and 
detected after acid digestion. 
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4.6 Chapter 4 Tables 
Table 4.1: ICP-OES Operating Conditions and Parameters for Data Acquisition. 
 
Instrument Parameters  Analyte ȜQP 
RF, Power (W) 1300 As 197.197 
Gas Flow Rate (L min-1)  Ca  
Plasma 15 Cd 228.802 
Auxiliary 0.2 Co 228.616 
Nebulizer 0.8 Cr 267.716 
Readings/Replicates 3 Cu 327.393 
Integration Min (s) 1 Fe 238.204 
Integration Max (s) 5 Mg 285.213 
Read Delay (s) 15 Mn 257.610 
Replicates 10 Ni 231.604 
Wash Time (s) 30 Pb 220.353 
Flush Time (s) 8 Ti 334.940 
  Zn 206.200 
 
Table 4.2: Snack Products. 
 
Food Description Serving Size TiO2 listed on package  
a. Mini Donuts 6 donuts (85 g) Color/anticaking agent ~2.5 g powder/donut 
b. Sponge Cakes with 
“cream” filling 2 cakes (85 g) No ~6.0 g filling/cake 
c. “Cream” filled food 
cakes  2 cakes (85 g) No ~6.0 g filling/cake 
d. Rolled Chocolate Cakes 
with “cream” filling  3 cakes (85 g) No ~4.5 g filling/cake 
e. Fruit Bite Size Candies (61 g) Color agent 60 pieces 
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Table 4.3: Consumer Products. 
 
Consumer Product 
Description 
Net Weight TiO2 listed in 
Ingredients 
Ti Concentration (mg kg-1)* 
a. Fluoride Anticavity 
Whitening Toothpaste 
0.85 Oz, 24 
g 
Titanium Dioxide 
(CI 77891) 
563 ± 23 
b. Facial Scrub for 
Blemishes & blackheads 
2 Oz, 56 g Titanium Dioxide 102 ± 56 
c. Cocoa Butter 
Moisturizer 
0.75 Fl Oz, 
22 mL 
Titanium Dioxide 300 ± 24 
d. Facial Blackhead 
Scrub 
4.2 Fl Oz, 
125 mL 
Titanium Dioxide 725 ± 76 
e. Moisturizing Lotion for 
Dry Skin 
0.75 Fl oz, 
22 mL 
Titanium Dioxide 643 ± 65 
 
*Concentration is present as the mean concentration ± 95% confidence interval, n = 3. 
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Table 4.4: Concentrations of trace elements in select food snacks (mg kg-1)*. 
 
Analyte Calibration Blank A B C D 
NIST SRM 
1846 
Reference 
Conc** 
NIST SRM 
1846 
$VȝJNJ-1) <0.075 <0.075 <0.075 <0.075 <0.075 - <0.075 
Ca 0.12 ± 0.03 97.2 ± 1.5 8.7 ± 1.4 155 ± 10 18.9 ± 5.2 3670 ± 200 1809 ± 66.6 
&GȝJNJ-1) 4 ± 3 470 ± 130 420 ± 20 430 ± 210 320 ± 100 - 240 ± 80 
&RȝJNJ-1) 10 ± 1 390 ± 70 420 ± 100 300 ± 100 170 ± 20 - 180 ± 40 
&UȝJNJ-1) 5 ± 1 40 ± 141 2 ± 79 <0.0003 67 ± 67 - 110 ± 100 
Cu 0.13 ± 0.01 3.3 ± 7.0 0.75 ± 0.05 0.62 ± 0.19 0.52 ± 0.12 5.04 ± 0.27 5.3 ± 0.6 
Fe 0.23 ± 0.01 1.3 ± 1.1 7.9 ± 17.8 1.8 ± 1.6 0.94 ± 0.76  58.2 ± 13.3 
Mg 0.15 ± 0.01 56.0 ± 1.0 1.8 ± 0.6 59.7 ± 4.9 15.2 ± 2.5 538 ±29 505.8 ± 13.3 
Mn*** ȝJNJ-1) 2 ± 0.4 90 ± 30 80 ± 60 180 ± 60 80 ± 20 400 340 ± 90 
1LȝJNJ-1) 20 ± 10 670 ± 570 740 ± 180 170 ± 530 28 0 ± 190 - <0.006 
7LȝJNJ-1) 1 ± 2 240 ± 30 35300 ± 2500 240 ± 10 200 ± 50 - 150 ± 10 
Zn 12.3 ± 0.01 3.3 ± 1.1 6.5 ± 8.8 4.5 ± 3.2 3.0 ± 1.7 60.0 ± 3.2 50.1 ± 1.3 
A. “Cream filled food cakes,” B. “Mini donuts,” C. “Rolled chocolate cakes with cream filling,” D. 
“Sponge cakes with cream filling.” 
** The reference values are mean ± expanded uncertainty at the 95% level of confidence, the 
experimental values are mean ± 95% confidence interval, n = 3 
*** Informational value 
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Table 4.5: Preliminary ICP-OES determination of titanium and other trace elements in bite-
sized candies. 
 
Bite-sized 
candies 
Cd, LOD 2.7 
ȝJ/-1 
Cr, LOD 2.2 
ȝJ/-1 
Cu, LOD 
ȝJ/-1 
Fe, LOD 1.8 
ȝJ/-1 
Ni, LOD 
ȝJ/-1 
Ti, LOD 
ȝJ/-1 
Color &RQFȝJ/-1) &RQFȝJ/-1) &RQFȝJ/-1) &RQFȝJ/-1) &RQFȝJ/
-
1) 
Conc (mg 
L-1) 
Blue < 2.7 404.6 ± 45.6 66.2 ± 19.3 598226 ± 24306 45.5 ± 185.2 21.4 ± 1.1 
Green 62.3 ± 86.9 109.8 ± 152.1 < 13.0 < 1.8 < 12.4 105.7 ± 5.9 
Pink 114.5 ± 0.2 100.8 ± 19.4 < 13.0 14.6 ± 91.4 104.4 ± 116.7 62.4 ± 52.8 
Purple 26.5 ± 5.6 147.9 ± 44.8 < 13.0 153.9 ± 26.8 < 12.4 29.4 ± 2.8 
Red 98.3 ± 78.4 73.5 ± 44.9 < 13.0 < 1.8 57.8 ± 28.5 2.41 ± 0.18 
ȝJ/-1 
QC check 99% 105% 102% 104% 92% 106% 
 
Table 4.6: ICP-OES determination of trace elements in bite-sized candies after acid 
digestion. 
 
Bite-sized 
candies 
Cd, LOD 3.1 
ȝJ/-1 
Cr, LOD 0.4 
ȝJ/-1 
Cu, LOD 2.3 
ȝJ/-1 
Fe, LOD 1.2 
ȝJ/-1 
Ni, LOD 3.9 
ȝJ/-1 
Color &RQFȝJ/-1) &RQFȝJ/-1) &RQFȝJ/-1) &RQFȝJ/-1) &RQFȝJ/-1) 
Blue 216 ± 19 < 0.4 842 ± 7 448642 ± 10412 < 3.9 
Green 234 ± 39 < 0.4 989 ± 108 1555 ± 279 < 3.9 
Pink 276 ± 20 < 0.4 1068 ± 34 1772 ± 570 < 3.9 
Purple 264 ± 21 < 0.4 1159 ± 71.5 5382 ± 5555 < 3.9 
Red 275 ± 11 < 0.4 1237 ± 117 2406 ± 602 < 3.9 
 
Table 4.7: ICP-OES determination of titanium in bite-sized candies after acid digestion. 
 
Bite-sized candies Digest 1 Digest 2 Digest 3 Average Ti, LOD 0.2 ȝg L-1 
Color Conc (mg L-1) Conc (mg L-1) &RQFȝJ/-1) &RQFȝJ/-1) 
Blue 0.61 0.94 10.6 4.04 ± 5.65 
Green 2.49 12.1 30.1 14.9 ± 14.0 
Pink 140 70.6 126 112 ± 36.7 
Purple 4.04 4.50 13.7 7.27 ± 5.20 
Red 6.04 4.89 2.32 4.4 ± 1.9 
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Table 4.8: Concentrations* of trace elements in select consumer products. 
 
Analyte A** B** C** D** E** 
As <0.007 <0.007 <0.007 <0.007 <0.007 
Ca 28.2 ± 0.2 143 ± 3 14.5 ± 0.3 9.79 ± 0.41 16.6 ± 0.7 
Co <0.014 <0.014 <0.014 <0.014 <0.014 
Cr <0.023 <0.023 <0.023 <0.023 <0.023 
Cu <0.0007 <0.0007 <0.0007 0.87 ± 0.32 0.76 ± 0.16 
Fe <0.05 2.38 ± 0.25 4.69 ± 0.49 3.75 ± 1.14 5.54 ± 0.78 
Mg 5.04 ± 0.09 10.9 ± 0.3 7.97 ± 0.43 5.17 ± 0.09 10.9 ± 0.4 
Mn <0.020 <0.020 <0.020 <0.020 <0.020 
Ni 0.32 ± 0.01 <0.019 0.38 ± 0.02 1.06 ± 0.08 0.73 ± 0.13 
Ti 102 ± 56 725 ± 76 300 ± 24 563 ± 23 643 ± 65 
Zn 1.53 ± 1.66 <0.242 <0.242 15.64 ± 0.62 <0.242 
* Concentrations expressed in mg kg-1. The concentration values are mean ± expanded uncertainty at the 
95% level of confidence, n = 3. A**: Facial Scrub for Blemishes and Blackheads, B**: Facial Blackhead 
Scrub, C**: Cocoa Butter Moisturizer, D**: Fluoride Whitening Toothpaste, and E**:  
Moisturizing Lotion for Dry Skin. 
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CHAPTER 5 
NANOTOXICITY OF GOLD AND SILVER NANOPARTICLES TO 
 CAENORHABDITIS ELEGANS 
5.1 Introduction 
 
Research with animal models1,2 have been used to investigated the deleterious 
effects NPs may have, subsequent to intentional or accidental exposures. Accurate 
analytical methods are needed to assess the toxicity of nanomaterials in biological 
samples. As mentioned before in Section 1.7 and 1.7.1, C. elegans have been used as a 
model organism for toxicological studies of nanomaterials such as nano-Ag,3 nano-CuO,4 
nano-TiO2,5 and nano-ZnO.5,6 These studies established that C. elegans ingest 
nanoparticles. It is an ideal organism for toxicity studies for toxicological studies due to 
the fact that they are easily cultured, have a short lifespan, reproduce at a rapid rate, and 
because their physiological and behavioral patterns have been well studied, it is possible 
to use the changes in these patterns as a proxy measure for the effects of exposure to 
toxins. The organism provides the benefits of allowing scientists to monitor and track not 
only behavioral, physiological, and genetic changes but also the NP accumulation 
resulting from nanoparticle exposures. C. elegans has the potential to be a valuable 
system for understanding the underlying molecular mechanisms of human disease. 
In addition to several ongoing nanotoxicological projects featuring different in 
vivo and in vitro models, scientists at NIST have begun utilizing C. elegans to investigate 
and characterize the biological effects of NMs, such as silver (AgNPs), gold (AuNPs), 
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and nano-TiO2 on the mechanisms of oxidatively induced DNA damage. They have also 
focused their efforts on understanding the significance of NP size and agglomeration on 
the resulting uptake and toxicity. Their goal is to establish the C. elegans model as a 
preferred in vivo surrogate for assessing the environmental health and human safety risks 
of engineered NMs.7 In summer 2011, I participated in this recently initiated study and 
investigated the uptake of AgNPs and AuNPs in C. elegans at NIST. The objective of this 
study was to develop an analytical method for the quantification of nanomaterial uptake 
in C. elegans by ICP-MS. The effects of particle size, nanomaterial composition, and 
agglomeration states were investigated along with the effects of exposure to metallic ions 
vs. metallonanomaterials.  Experiments were performed to test the following hypotheses: 
1. C. elegans may model other bacteria-eating species and these studies represent an 
important investigation in the incorporation of NPs in the food chain. 
2. NPs are ingested and ejected depending on size. 
3. The C. elegans grinder is size selective. 
4. C. elegans cannot distinguish between NPs suspended in liquid medium and their 
natural food particles that are of a similar size. 
5.2   Experimental 
 
5.2.1 Cultivating C. elegans in liquid cultures  
 
Liquid cultures were prepared in a sterile culture hood. 7-10 worm plates were 
used for every 500 mL liquid culture, leaving one plate behind for the purpose of seeding 
10 more plates for future experiments.  A volume of 5 ml M9 buffer was dispensed onto 
NGM plates. A sterile L-shaped spreader was used to dislodge C. elegans and eggs from 
each plate. Nematodes and eggs were collected with a glass pipette and place in a 50 mL 
conical tube. An additional 3 ml of M9 buffer was dispensed onto plates, gently swirled 
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and any residual nematodes and eggs were collected with a glass pipette and transferred 
into the 50 mL conical tube. The conical tubes were placed in ice bath for 15-30 minute 
to allow nematodes to settle. The liquid culture media was made by dispensing 500 mL of 
S-basal into a sterilized 1 L Erlenmeyer flask and 5 mL of 1M potassium citrate, 5 mL of 
trace metals, 1.5 mL of 1M MgSO4, 1.5 mL of 1M CaCl2, 5 mL of penicillin 
streptomycin, and 2.5 mL of amphotericin B. Nematodes were centrifuged for 5 min at 
800g to pellet nematodes and the supertantant was removed. Nematodes were transferred 
into complete S-basal. One tube of concentrated OP-50 worm feed (E. coli) was vortexed 
and added to the culture. The flask opening was covered with tinfoil and parafilm, placed 
on a shaker at ~150-200 RPM, and left for an appropriate time for worm population to 
increase by 3 orders of magnitude. 
5.2.2 Removing nematodes from liquid culture 
Prior to exposure to gold nanomaterials, nematodes were removed from liquid 
culture in the following manner: 
1. Transfer nematodes and liquid media to a 1 L graduated cylinder 
2. Submerge cylinder in an ice bath for 2 h 
3. Remove media by vacuum filtration until 50 mL of nematodes in culture is left 
4. Centrifuge at 800g (2700 RPM) for 5 min to pellet nematodes and remove excess 
media 
5. Wash nematodes with M9 
6. Count nematodes under microscope to get an estimate of how many were 
produced. 
  
  
175 
 
 
5.2.3 Sucrose flotation method for removing nematodes from liquid culture 
 
This protocol was necessary due to the difficulty encountered in separating 
nematodes from E. coli once the liquid culture was placed in ice. Liquid culture were 
placed in ice and allowed to settle to 2 hours. Approximately 400 mL of worm media was 
removed by vacuum pipette leaving a < 30 mL worm slurry. 15 mL of ice cold 0.1 M 
NaCl was added and the mixture was shaken to break up the pellet.  15 mL of ice cold 
60% sucrose was then added and mixed immediately. 5 mL of ice cold 0.1 M NaCl 
solution was then gently added on top. The mixture was transported to the centrifuge and 
spun for 5 minutes at 50 g (200 RPM) and 5 minutes at 1000 g (3000 RPM) 
uninterrupted. The nematodes were located at the interface between the NaCl solution 
and the sucrose solution. This layer was collected with a pipette and transferred to a new 
centrifuge tube. Nematodes were filtered (sucrose is not an ambient environment for their 
survival), washed with 2 portions of 25 mL of M9 buffer, resuspended in 20 mL M9, and 
counted. 
5.2.4 Counting nematodes 
 
Using low-binding pipette tips, 10 aliquots of 5 uL were dispensed onto a glass 
coverslip. The number of nematodes was counted in each drop under a microscope, and 
the number of nematodes per drop was averaged. When the total amount of nematodes 
per drop was greater than 15, the procedure was repeated with smaller aliquots (1 or 2 
ȝ/2QFHWKHDYHUDJHQXPEHURIQHPDWRGHVSHUGURSZDVFDOFXODWHGQHPDWRGHVLQ
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mL M9 buffer) were diluted with more M9 buffer to achieve a worm density of 20,000 
nematodes per mL. 
5.3 Instrumentation 
 
The determination of gold (m/z 197) and indium (m/z 115) were carried out using 
an Agilent ICP-MS (Model: 7500cs) operating in no-gas mode (RF Power: 1500W, 
Plasma Flow: 15 L min-1, Carrier flow: 1.05 L min-1, Auxiliary flow: 0.9 L min-1) with an 
ASX 520 autosampler (Cetac, 0.1 mL min-1). The carrier solution was 4.5% HCl/1.5% 
HNO3. Indium was used as an internal standard (NIST SRM 3124a, 10,000 mg L-1 In) at 
ȝJ/-1 to study matrix effects. 
5.3.1 Experimental design 1: ambient number of nematodes for uptake study 
 
This experiment was designed to investigate the ideal number of nematodes 
required to determine uptake at a moderate range of exposure. A mixed-staged worm 
solution was transferred from an Erlenmeyer flask into a sterilized 1 L graduated cylinder 
and allowed to settle for 1 h by placing the flask into an ice bath (nematodes arrest settle 
to the bottle of the flask). Approximately 400 mL of worm media was removed by 
vacuum pipette leaving a < 100 mL worm slurry. The slurry was then transferred onto a 
 ȝPPHVK ILOWHU E\ XVLQJ D JODVV SLSHWWH DQG WKH UHVW RI WKH VOXUU\ZDV UHPRYHG E\
vacuum filtration. The nematodes were washed twice with 25 mL M9 buffer, and 
collected with 20 mL of fresh M9 buffer solution. Nematodes were counted and worm 
concentration was adjusted for a final concentration of ~20,000 nematodes per exposure. 
Nematodes were distributed into multiwall culture dishes: 1 mL nematodes per well in 24 
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well plates, 2 mL nematodes per well in 12 well plates, and 5 mL nematodes per well in 6 
well plates. An equivalent volume of nanoparticulate dosing solution was added to each 
well plate (10 mg L-1 Au NPs, 2% BSA/M9 buffer). Experimental controls were made by 
dispensing nematodes into well with the addition of an equal volume of 2% BSA/M9 
buffer. Each parameter, including a negative control, was tested in triplicate.  Tissue 
flasks were and placed horizontally on a shaker at 200 RPM at 20 °C. Care was taken to 
ensure there was no splashing or cross contamination. Exposures lasted 24 h. Worm 
samples were prepared for the ICP-MS determination of total gold using the procedure 
outlined in Section 5.3.1.5. 
5.3.2 Experimental design 2: uptake of ionic gold by C. elegans 
 
This experiment was designed to determine the uptake of ionic gold by C. elegans 
for concentration ranges similar to nanoparticle uptake experiments. Mixed-staged 
nematodes were removed from the liquid culture in the same fashion as Section 5.3.1.2. 
Nematodes were counted and worm concentration was adjusted for a final concentration 
of ~10,000 nematodes per exposure. Nematodes were distributed into 25 cm2 tissue 
flasks. The following ionic gold concentrations were tested: Negative control, 20 mg L-1, 
10 mg L-1, and 2 mg L-1. These concentrations were achieved by spiking the M9 dosing 
media with the appropriate volume of NIST SRM 3121 Gold (Au) Standard Solution. 
Experimental controls were made by dispensing nematodes into well with the addition of 
an equal volume of 2% BSA/M9 buffer. Each parameter, including a negative control, 
was tested in triplicate. Tissue flasks were and placed horizontally on a shaker at 200 
RPM at 20 °C. Care was taken to ensure there was no splashing or cross contamination. 
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Exposures lasted 24 h. Worm samples were prepared for the ICP-MS determination of 
total gold using the procedure outlined in Section 5.3.1.5. 
5.3.3 Experimental design 3: uptake of gold nanoparticles of varying size by C. 
 elegans 
 
This experiment was designed to determine the uptake of gold nanoparticles of 
varying particle sizes by C. elegans. Mixed-staged nematodes were removed from the 
liquid culture in the same fashion as Section 5.3.1.2. Nematodes were counted and worm 
concentration was adjusted for a final concentration of ~20,000 nematodes per exposure. 
Nematodes were distributed into 25 cm2 tissue flasks. Dosing media consisted of a 
negative control and gold nanoparticles of 10, 30, and 100 nm diameter (NIST Gold 
SRMs 10, 30, 60 and Nanocomposix 100 nm), respectively. Each parameter, including a 
negative control, was tested in triplicate. Tissue flasks were and placed horizontally on a 
shaker at 200 RPM at 20 °C. Care was taken to ensure there was no splashing or cross 
contamination. Exposures lasted 24 h. Worm samples were prepared for the ICP-MS 
determination of total gold using the procedure outlined in Section 5.3.1.5. 
5.3.4 Experimental design 4: the effects of nanoparticle aggregation on C. elegans 
 gold nanoparticle uptake 
  
The purpose of this experiment was to determine the effects of nanoparticle 
aggregation states to uptake of gold nanoparticles in C. elegans. Mixed-staged nematodes 
were removed from the liquid culture in the same fashion as Section 5.3.1.3 (sucrose 
flotation). The nanoparticles in this experiment were of the following sizes: 10, 30, 60 
and 100 nm diameter (NIST Gold SRMs 10nm, 30nm, 60 nm and Nanocomposix 100 
nm). Nematodes were counted and the worm concentration was adjusted for a final 
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concentration of ~20,000 nematodes per each exposure. Nematodes were distributed into 
25 cm2 tissue flasks so that each contained 5 mL M9 buffer containing 20,000 nematodes 
and 5 mL of nanoparticle dosing media was added. Each parameter, including a negative 
control, was tested in triplicate. Worm samples were prepared for the ICP-MS 
determination of total gold using the procedure outlined in Section 5.3.1.5. 
5.4 Results and discussion 
 
5.4.1 Experiment 1: results 
 
The purpose of this experiment was to investigate parameters to optimize the 
experimental design of uptake experiment. These parameters included: the appropriate 
worm concentration required for future experiments, worm and media digestion 
strategies, the ICP-MS operating conditions suitable for accurate gold determination. 
Data resulting from this study are contained in Table 5.1. For Experimental condition 1, 
media was not analyzed as apart of the determination of gold. Four aqua regia rinse steps 
were added to method to remove residual gold after calibration. Once four rinses of the 
sample introduction system were accomplished, sufficient rinsing with aqua regia would 
allow accurate determination of gold in worm samples. It is evident from the results, that 
there was significant carryover and there was insufficient removal of gold from the 
sample introduction system. It is notable however, that the highest gold standard 
concentration introduced to the ICP-MS was 2.5 ȝJ/-1 (21,000 counts per second). The 
average intensity was 800 and 6,200 counts per second for the blank and 0.5 ȝJ/-1 gold 
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standard. The fourth rinse only decreased the intensity to 4,600 counts. It is reasonable to 
believe that the determination of gold in this experiment is reliable after sample “C2.2.”  
For this experiment, 1 mL, 2 mL, and 4 mL of nematodes in media reflected an 
average dry weight of 0.2, 0.5, and 1.4 mg. The detection limit for gold in this 
experiment, 0.33 ȝJ/-1, was calculated in the following manner: 3* (intensity of blank 
*relative standard deviation of the blank). The uptake of gold nanoparticles increased 
proportionally to the increase in worm concentration. Figure 5.1 shows that observation 
of the indium signal showed no obvious matrix effects from sample to sample. The data 
in this experiment led to the discussion of using 4 mL of nematodes for future 
experiments. 
5.4.2 Experiment 2: results 
 
The purpose of this experiment was to determine the uptake of ionic gold by C. 
elegans for concentration ranges similar to nanoparticle uptake experiments. For 
Experimental condition 2, dosing media (control, 2, 10, and 20 mg L-1 ionic gold) were 
analyzed as apart of the determination of gold. The results from the determination of gold 
in the media of this experiment, shown in Table 5.2, show that five aqua regia rinse steps 
were added to method to remove residual gold after calibration.  The results of 
determination of gold in negative control and exposed nematodes is presented in Table 
5.3. Once four rinses of the sample introduction system were accomplished, sufficient 
rinsing with aqua regia would allow accurate determination of gold in worm samples. 
The signal intensity for gold returned to background levels after the fifth rinse, therefore 
there were no carryover effects observed. Care was taken in the order of analysis in order 
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to ensure accurate results as well as to prevent carryover. Control nematodes and media 
were analyzed first, followed by nematodes exposed to ionic gold, and finally sample 
dosing media containing ionic gold. The reference material (RM 8011 Gold 
Nanoparticles, Nominal 10 nm Diameter, 51.56 ± 0.23 mg L-1) was analyzed to verify the 
method for the accurate determination of gold nanoparticles. The recovery for this 
material (55.9 ± 4.3 mg L-1) was in good agreement with the reference value.  
Observation of the indium signal, shown in Figure 5.2, showed no obvious matrix effects 
from sample to sample. The detection limit for gold in this experiment, 0.22 ȝJ/-1, was 
calculated in the following manner: 3* (intensity of blank *relative standard deviation of 
the blank). Nematodes in the control media had gold concentrations below the detection 
limit of the method, however nematodes exposed to ionic gold showed increased uptake 
with increasing concentration. 
5.4.3 Experiment 3: results 
 
 The purpose of this experiment was to determine the effects of nanoparticle 
aggregation states to uptake of gold nanoparticles in C. elegans. For Experimental 
condition 3, dosing media (control, 10, 30, 60, and 100 nm gold nanoparticles) were 
analyzed as apart of the determination of gold. Five aqua regia rinse steps were added to 
method to remove residual gold after calibration. No carryover effects observed. The 
reference material (RM 8011 Gold Nanoparticles, Nominal 10 nm Diameter, 51.56 ± 0.23 
mg L-1) was analyzed to verify the method for the accurate determination of gold 
nanoparticles. The recovery for this material (48.5 ± 3.1 mg L-1) was in good agreement 
with the reference value. As shown in the Figure 5.3 and Table 5.4, a size-dependence 
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was found in nanomaterial uptake consistent with previous results suggesting increased 
ingestion efficiency with increased size. Additionally, a large decrease in uptake for 
particles below 30 nm suggests these particles are removed by filtration through the 
procorpus channels in the C. elegans’s pharynx. 
5.4.4 Experiment 4: results 
 
This uptake experiment was conducted to compare the uptake of gold 30 nm 
particles, 100 nm particles and 100 and 200 nm agglomerates formed from 30 nm 
particles. Five aqua regia rinse steps were added to method to remove residual gold after 
calibration. The reference material (RM 8011 Gold Nanoparticles, Nominal 10 nm 
Diameter, 51.56 ± 0.23 mg L-1) was analyzed to verify the method for the accurate 
determination of gold nanoparticles.  The recovery for this material (55.5 ± 2.0 mg L-1) 
was in good agreement with the reference value during this experiment. The results of 
this uptake study, displayed in Figure 5.4 and Table 5.6, show that although there was 
significant uptake of gold nanoparticles, there were no significant differences found 
between experimental conditions. The diameter of E. coli LV  ȝP WKHUHIRUH LW LV
feasible to deduce that C. elegans recognize gold nanoparticles as bacteria and cannot 
distinguish them from their food source. 
5.5 Conclusions 
 
The quantitative uptake of gold and silver nanoparticles in C. elegans was 
established after exposure of nematodes to several experimental parameters in liquid 
media. The goal was to evaluate the effects of ionic gold, gold nanoparticles of varying 
  
183 
 
size diameters, and agglomeration on the uptake of dissolved gold and gold nanoparticles 
by C. elegans. The parameters established for sample digestion could be modified for the 
quantification of uptake of other nanomaterials in C. elegans. Size-dependence was found 
in nanomaterial uptake, which suggests increased ingestion efficiency with increased 
size. Additionally, a large decrease in uptake for particles below 30 nm suggests these 
particles are removed by filtration through the procorpus channels in the C. elegans’s 
pharynx. An uptake experiment was conducted comparing 30 nm particles, 100 nm 
particles and 100 and 200 nm agglomerates formed from 30 nm particles. These results 
are showed no significant differences found between experimental conditions. This 
experiment will be repeated with agglomerates formed from 10 nm gold precursors in an 
attempt to cause a more drastic change in uptake from agglomeration effects. The results 
of these studies proved the hypotheses that C. elegans ingest nanoparticles through their 
grinder and that they cannot distinguish between nanoparticles suspended in liquid 
medium and their natural food particles of similar size. As these are resuts of preliminary 
experiments, more work must be done to substantiate these findings. 
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5.7  Chapter 5 Tables 
 
Table 5.1: Determination of total gold uptake in C. elegans exposed to 5 mg L-1 gold 
nanoparticles, for the purpose of method development. 
 
Sample ID* Dry Worm 
Weight (mg) 
Aver Int (cps), 
Gold 
Soln FRQF*ROGȝJ/-1 
or µg/L) 
Gold Conc (mg/kg) 
C1.1 0.34 2605 0.16 4.86 
C1.2 0.17 2519 0.16 9.25 
C2.1 0.53 2676 0.17 3.27 
C2.2 0.46 2268 0.13 2.80 
C2.3 0.37 2159 0.12 3.17 
C4.1 0.88 2179 0.12 1.36 
C4.2 1.09 3620 0.27 2.54 
C4.3 1.37 11870 1.16 8.49 
Au1.1 0.10 376 -0.17 - 
Au1.2 0.20 2518 0.10 5.18 
Au2.1 0.44 9047 0.93 21.1 
Au2.2 0.48 8357 0.84 17.5 
Au2.3 0.51 11603 1.25 25.2 
Au4.1 1.31 49286 6.02 46.0 
Au4.2 1.46 61155 7.52 51.7 
Au4.3 1.29 54802 6.72 52.2 
*Au: gold, C: Control, Nematodes: 1: 1 mL, 2: 2 mL, 4: 4 mL 
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Table 5.2: Determination of gold in sample media from experiments where C. elegans were 
exposed to 0, 2, 10, and 20 mg L-1 ionic gold.  
 
Sample ID* Aver Int 6ROQ&RQFȝJ/-1) Dilution Factor Media Conc (mg L-1) 
Blank 362 - - - 
C.1M 294 -0.02 96.2 ȝJ/-1 
C.2M 299 -0.01 96.3 ȝJ/-1 
C.3M 275 -0.02 95.3 ȝJ/-1 
Au2.1M 8914 1.74 1956 3.40 
Au2.2M 5408 1.02 2045 2.09 
Au2.3M 6087 1.16 1991 2.31 
Au10.1M 7688 1.49 6502 9.67 
Au10.2M 8910 1.74 7080 12.3 
Au10.3M 9742 1.90 6793 12.9 
Au20.1M 15416 3.27 5932 19.4 
Au20.2M 14737 3.12 5066 15.8 
Au20.3M 15327 3.25 6776 22.0 
*Au: ionic gold, M: Media, C: Control, 2: 2 mg L-1, 10: 10 mg L-1, 20: 20 mg L-1. 
 
  
  
187 
 
Table 5.3: Determination of total gold uptake in C. elegans exposed to 0, 2, 10, and 20 mg 
L-1 ionic gold. 
 
Sample 
ID* Aver Int 
Dry Worm 
Weight (mg) 
Soln Conc 
ȝJ/-1) 
Dilution 
Factor Sample Conc (mg L
-1) 
C1W 349 0.73 -0.01 46.7 ȝJ/-1 
C2W 321 1.78 -0.01 45.3 ȝJ/-1 
C3W 300 1.91 -0.01 45.0 < 0.22 ȝJ/-1 
Au2.1W 723 1.26 0.07 48.9 2.79 
Au2.2W 910 1.25 0.11 50.2 4.42 
Au2.3W 912 1.15 0.11 49.8 4.78 
Au10.1W 2212 2.06 0.38 48.4 8.80 
Au10.2W 1745 2.09 0.28 47.6 6.36 
Au10.3W 2013 1.71 0.33 46.4 9.07 
Au20.1W 8745 1.44 1.70 47.0 55.5 
Au20.2W 3894 1.86 0.72 46.7 18.0 
Au20.3W 5626 2.23 1.07 46.1 22.1 
*Au: ionic gold, W: Worms, C: Control, 2: 2 mg L-1, 10: 10 mg L-1, 20: 20 mg L-1 
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Table 5.4: Determination of total gold uptake in C. elegans exposed to 10, 30, 60, and 100 
nm gold nanoparticles.  
 
Sample 
ID* 
Dry Worm 
Weight 
(mg) 
Aver Int 
(cps) 
Soln 
Conc (2 
ȝJ/-1 Au 
spike) 
Soln Conc 
Minus 
Spike Au 
Dilution 
Factor 
Conc 
in 
ȝJNJ 
Conc in 
(mg/kg) 
10.1W 1.43 24928 2.09 0.09 71737 6723 6.7 
10.2W 9.80 29359 2.46 0.46 10499 4820 4.8 
30.1W 1.03 28639 2.40 0.40 99819 39906 39.9 
30.2W 0.62 29435 2.47 0.47 168442 78392 78.4 
30.3W 1.53 25493 2.14 0.14 68345 9587 9.6 
60.1W 1.01 30923 2.59 0.59 101245 59546 59.5 
60.2W 1.13 30909 2.59 0.59 82318 48317 48.3 
60.3W 1.10 32063 2.68 0.68 92819 63314 63.3 
100.1W 1.19 34486 2.88 0.88 87189 76893 76.9 
100.2W 1.36 34292 2.87 0.87 76386 66144 66.1 
100.3W 1.60 34913 2.92 0.92 65000 59616 59.6 
*W: Worms, 10: 10 nm, 30: 30 nm, 60: 60 nm, 100: 100 nm 
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Table 5.5: Determination of gold in sample media from experiments where C. elegans were 
exposed to 10, 30, 60, and 100 nm gold nanoparticles.  
 
Sample ID* Aver Int (cps) Soln Conc (ȝJ/-1) Dilution 
Factor 
Media Conc 
(ȝJ/-1) 
Media Conc 
(mg L-1) 
10.1M 150083 12.41 418 5193 5.19 
10.2M 148166 12.26 410 5031 5.03 
30.1M 84954 7.04 409 2884 2.88 
30.2M 104294 8.64 412 3560 3.56 
60.1M 135264 11.19 410 4588 4.59 
60.2M 162417 13.43 409 5494 5.49 
60.3M 171362 14.17 411 5820 5.82 
100.1M 89645 7.43 419 3113 3.11 
100.2M 92331 7.65 410 3139 3.14 
100.3M 104451 8.65 415 3591 3.59 
*M: Media, 10: 10 nm, 30: 30 nm, 60: 60 nm, and 100: 100 nm 
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Table 5.6: Determination of total gold uptake in C. elegans exposed to 30 and 100 nm 
nanoparticles and, 100 and 200 nm aggregates formed from 30 nm nanoparticles. 
 
Sample ID* 
Aver 
Int 
(cps) 
Soln Conc (2 ȝJ
L-1 Au spike) 
Soln Conc 
Minus Spike 
Au (ȝJ/-1) 
Dilution 
Factor 
Conc in 
ȝJNJ 
Conc in 
(mg/kg) 
30nmW1 29035 2.25 0.25 64523 16022 16.0 
30nmW2 29767 2.30 0.30 108065 32423 32.4 
30nmW3 32338 2.48 0.48 137494 66202 66.2 
100nmW1Agg 31331 2.41 0.41 63944 26242 26.2 
100nmW2Agg 31192 2.40 0.40 74254 29743 29.7 
100nmW3Agg 30541 2.35 0.35 67047 23779 23.8 
200nmW1Agg 38870 2.94 0.94 57746 54425 54.4 
200nmW2Agg 46067 3.45 1.45 51762 75075 75.1 
200nmW3Agg 34397 2.63 0.63 65294 40923 40.9 
100nm0sW1 34583 2.64 0.64 79920 51142 51.1 
100nm0sW2 34527 2.64 0.64 63228 40208 40.2 
100nm0sW3 41687 3.14 1.14 50969 58169 58.2 
*W: Worms, Agg: aggregate form, 30: 30 nm nanoparticles, 100nm: made from 30 nm 
nanoparticle aggregates, 200nm: made from 30 nm aggregates, 100: 100 nm nanoparticles 
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Table 5.7: Determination of gold in sample media from experiments where C. elegans were 
exposed to 30 and 100 nm nanoparticles and, 100 and 200 nm aggregates formed from 30 
nm nanoparticles. 
 
Sample ID* Aver Int 
(cps) 
Soln Conc 
(ȝJ/-1) 
Dilution 
Factor 
Conc in 
ȝJNJ 
Conc in 
(mg/kg) 
30nmM1 173698 2.17 381 4752 4.75 
30nmM2 168973 2.15 372 4517 4.52 
30nmM3 182331 1.70 375 4905 4.91 
100nmM1 173367 1.77 382 4748 4.75 
100nmM2 169812 1.86 382 4651 4.65 
100nmM3 162885 2.25 383 4478 4.48 
200nmM1 137889 2.30 385 3822 3.82 
200nmM2 150028 2.48 382 4116 4.12 
200nmM3 147408 2.41 376 3988 3.99 
100nmM 145487 2.40 383 4005 4.01 
100nmM2 141209 2.35 378 3838 3.84 
100nmM3 140694 2.94 377 3821 3.82 
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5.8  Chapter 5 Figures 
 
Figure 5.1: Indium (m/z VLJQDOGXULQJDQDO\VLVIRU([SHULPHQWDO'HVLJQȝJ/-1. 
 
 
Figure 5.2: Indium (m/z VLJQDOGXULQJDQDO\VLVIRU([SHULPHQWDO'HVLJQȝJ/-1. 
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Figure 5.3: Effect of nanoparticle size on gold nanoparticle uptake in C. elegans 
*M: media, Agg: aggregate form, 30: 30 nm nanoparticles, 100 nm: made from 30 nm 
nanoparticle aggregates, 200nm: made from 30 nm aggregates, 100: 100 nm nanoparticles 
 
 
Figure 5.4: Effects of agglomeration on gold nanoparticle uptake in C. elegans. 
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CHAPTER 6 
SINGLE-PARTICLE ICP-MS OF TITANIUM DIOXIDE NANOPARTICLES 
 
6.1 Introduction 
Typically, single-particle analysis is performed by techniques such as scanning 
electron microscopy,1 transmission electron microscopy,1 or light-based techniques, such 
as optical single-particle counting2 or laser induced breakdown detection.3 Degueldre et 
al. extensively studied the utilization of ICP-MS for single-particle analysis of colloidal 
suspensions (titanium dioxide, alumina, iron oxide, zirconia, thoria, and gold 
nanoparticles).4-7 Single-particle ICP-MS measurements of these nanoparticles were 
accomplished by monitoring the m/z signals over 2,000 readings for each respectively 
metal using the fastest response rate parameters of the ICP-MS. Typical dwell times, the 
period of time that is spent collecting data at a particular mass, were between 3 and 10 
ms.  They utilized the fact that the transient signal induced by the flash of ions due to 
ionization of metallic colloidal particles in the plasma torch could be detected and 
measured for selected metallic ion masses.  Laborda et al.8 later applied this technique for 
the measurement of dissolved silver and silver nanoparticles in aqueous suspensions by 
monitoring m/z 107 over 20,000 readings with a dwell time of 5 ms. The goal of the work 
described in this chapter was to contribute to the investigation of distinguishing between 
nanoparticulate and dissolved materials by ICP-MS, especially in the case of titanium. 
The development of such a measurement procedure could determine what contribution 
titanium dioxide nanoparticles make in regards to the total titanium concentration in 
biological samples. 
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In order to distinguish between a nanoparticulate suspension and a solution, a 
figure of merit is required that measures the “spike” character of the signal. Although 
Degueldre4-7 and Laborda et al.8 developed approaches for the identification and 
distinction between nanoparticles and dissolved ions in aqueous suspension, they did not 
investigate the spikes in the signal that allow the distinction to be drawn between a 
nanosuspension and a solution of dissolved ions. For this study, the mean (includes all 
signal data including the spikes) and standard deviation were employed to characterize 
the measured signal as having four types of spike-events: “soil” spikes, “grass” spikes, 
“forest” spikes, and “Johnson spikes.” In the case where a solution is measured, the 
signal is comprises two components: the mean signal events, or “soil” spikes, and a few 
spike events, “grass” spikes, that are one standard deviation from the mean. The 
measurement of a nanosuspension gives rise to all four-spike events. “Soil” and “grass” 
spikes constitute events that are within the range of the mean signal intensity (soil) and 
one standard deviation from the mean (grass), while “forest” spikes are greater than two 
excursions from the mean but less than three. “Johnson” spikes are all the signal events 
that are greater than three excursions from the mean intensity. To date, there are no 
papers that analyze the magnitude of the single events constituting a spike in the signal. 
Signal spikes are attributed to ionization of nanoparticles in the plasma. A more detailed 
discussion of the earlier work by Degueldre and Laborda is presented in Section 1.8.1 and 
Section 1.8.2. 
6.2 Experimental 
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6.2.1 Instrumentation 
 
 Single-particle ICP-MS detection was accomplished with a PerkinElmer Elan 
6100 inductively coupled plasma mass spectrometer (Shelton, CT, USA). Table 6.1 in 
Section 2.2.5 displays the normal operating conditions for multielemental determinations 
by ICP-MS. When performing titanium measurements under conventional ICP-MS 
operating conditions, default parameters would include a dwell time of 100 ms per 
isotope, an integration time of 6,000 ms, and 10 readings. The method described in this 
chapter requires setting the instrument to read measurements at the most rapid response 
rate allowable. In addition to the data analysis output file, the instrument has a results 
output feature that allows visualization of the propagation of signal events in “real time”. 
The “real time” scan output is a plot of the pulse intensity as a function of time, and may 
be saved as a .jpg file. Therefore, the transient signal produced by the flash of ions due to 
the ionization of a colloidal particle in the plasma can be observed without looking at the 
numerical values for the signals of 1000 readings. 
A variety of solutions were measured by ICP-MS while observing the generation 
of data as a function of time. Table 6.1 presents the operating conditions employed to 
accomplish “single-particle” ICP-MS detection. The instrumental parameters for 
Procedure A are described in Table 6.1 for the measurement of calibration standards and 
Aeroxide P25 nano-TiO2 suspensions. Signals were recorded with a measurement 
window of 103 ms (default setting). A scan of 500 readings per isotope for two analytes 
(1000 readings in total; 47Ti+ and 24Mg+) corresponded to a measurement time of 103 s. 
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In a different experiment, Procedure B, calibration standards and Evonik Degussa 
P25 nano-TiO2 suspensions in 1 mM citric acid were measured by “single-particle” ICP-
MS.9 The instrumental parameters for Procedure B are outlined in Table 6.1 for the 
single-particle ICP-MS determination of calibration standards and Evonik Degussa P25 
nano-TiO2 suspensions. Signals were recorded with a measurement window of 5 ms. A 
scan of 1000 readings per isotope for two analytes, cadmium (m/z 111) and titanium (m/z 
47, m/z 48, m/z 49) (4000 readings in total) corresponds to 64 s of measurement time. The 
dwell time of Procedure B was shorter than that for Procedure A by a factor of 20, and 
the analysis time decreased by about 40 s, while still monitoring even more isotopes. 
TiO2 nanosuspensions were digested with a microwave-assisted reaction system 
(MARS with Xpress Technology, CEM Corporation, Matthews, NC, USA) under the 
following conditions: ramped to a temperature of 140 °C over 20 min and held at that 
temperature for 30 min under a power setting of 1200 W.  
Suspensions were sonicated with a Powersonic 1100D ultrasonic cleaner (Crest 
Ultrasonics, Trenton, NJ, USA). 
6.2.2 Data handling 
 
The raw data was exported and analyzed in Microsoft® Excel; 1000 readings 
(intensity counts) were plotted as a function of time for all calibration standards, 
nanosuspensions, and mixtures. The mean and standard deviation for 1000 readings of 
each isotope per solution were calculated. The raw data was then sorted in increasing 
order and grouped by count-intervals. The number of signal events greater than three 
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standard deviations above the mean intensity was counted as a spike in the signal. 
Histograms were created that displayed the frequency distribution of the signal intensities 
for each analyte monitored. Data was sorted by intervals, or bins, of 1,000, 2,500, and 
5,000 counts. 
6.2.3 Reagents and chemicals 
 
Nano-TiO2 suspensions for Procedure A were made by “suspending” titanium(IV) 
oxide, Aeroxide® P25 TiO2 (Acros Organics, NJ, USA) powder in deionized water, or by   
“suspending” Degussa Evonik P25 (Nippon Aerosil Co., Ltd., Parsipanny, NJ, USA) 
titantium dioxide in 1 mM citric acid (Mallinckrodt Baker Inc., Phillipsburg, NJ, USA).9 
A stock multi-element standard solution (Quality Control Standard 21, PerkinElmer Pure, 
Shelton, CT, USA), containing 100 mg L-1 of each element, was used for preparing 
calibration standards. Standards were prepared from the stock solution in deionized water 
0FP%DUQVWHDG(-Pure, Dubuque, IO, USA) prior to measurement.  
6.3 Procedures 
 
6.3.1 Procedure A 
 
An initial colloid suspension was made by suspending 2.5 mg Aeroxide P25 TiO2 
in 250 mL deionized water. The suspension was sonicated for 1 h then serial dilutions 
were performed to achieve concentrations of 32 and 80 µg L-1 in dilute HNO3, and 
measured by ICP-MS in time scan mode. A 2 mL portion of the initial colloidal 
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suspension was microwave digested using the program that was intended for human milk 
samples and then diluted to 25 mL, and measured by ICP-MS. The solutions also 
contained 25 µg L-1 magnesium as an internal standard. The signals at m/z 24 (Mg) and 
m/z 47 (Ti) were recorded in a measurement window of 103 ms followed by a standby 
time of 55 ns. The signal at m/z 24 was monitored to follow the behavior of an analyte 
that was expected to be in a non-particulate form within the solution. 
6.3.2 Procedure B 
An initial colloid suspension was made by suspending 0.16 mg Degussa (Evonik) 
P25 TiO2 in 1 mM citric acid. The suspension was sonicated for 1 h, and serial dilutions 
were made to achieve concentrations of 7, 10, and 15 µg L-1 in 1 mM citric acid with a 20 
µg L-1 Ru internal standard. These solutions were measured by ICP-MS in time scan 
mode, and the following signals were monitored: 47Ti+, 48Ti+, 49Ti+, 101Ru+. 
Mixtures containing the same concentrations of the nanoparticles and a 
multielemental standard (Quality Control 21, PerkinElmer, Shelton, CT, USA) were 
made by mixing an appropriate volume of a calibration standard with an appropriate 
volume of the initial nanosuspension and diluting to 25 mL with 1 mM citric acid. The 
signals at m/z 47, m/z 48, m/z 49, and m/z 101 (cadmium was present in the standard 
solution) were recorded in a measurement window of 5 ms followed by a standby time of 
55 ns. The signal at m/z 101 was monitored to follow the behavior of an analyte that was 
expected to be in a non-particulate form within the solution. 
6.4 Results and Discussion 
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Figure 6.1 shows a typical signal recorded as a function of time for a calibration 
blank solution. The 47Ti signal, labeled in red, is tightly distributed around the mean 
intensity (1,475 counts). There is a significant downward drift in the 47Ti signal that is 
attributed to an insufficient time for the plasma to reach steady state. When the frequency 
distribution of 500 readings was plotted, as shown in Figure 6.2, only one spike in the 
signal is present at 2.4-2.5 x 103 counts. The signals for a standard solution containing 5 
ȝJ /-1 titanium and magnesium as a function of time, shown in Figure 6.3, exhibit a 
similar pattern. The frequency distribution of the instrument response to the titanium in 
this standard, shown in Figure 6.4, displays a total of 470 out of 500 signal events range 
between 15,000 and 22,000 counts (mean ± s), while 28 events occur two or more 
standard deviations (2s) from the mean, and 10 of these 28 events are greater than 3s 
IURP WKHPHDQDQGFRQVWLWXWH VSLNHV LQ WKH VLJQDO IRU WKHȝJ/-1 titanium standard. It 
would be expected that no spikes would be present in the signal, however the spikes in 
the signals for the calibration blank and standards were attributed to residual 
nanoparticles in the sample introduction system. Figure 6.5 displays the signals for 5 
PDJQHVLXPȝJ/-1 as a function of time. Both the signal trace (Figure 6.5) as well as the 
histogram of the frequency distribution, shown in Figure 6.6, illustrate that no spikes are 
present in the 24Mg+ signal (all signal events were > 75,990 counts, which is three 
standard deviations from the mean intensity). Additionally, there were no spikes in the 
VLJQDOVRIWKHVWDQGDUGVROXWLRQVPHDVXUHGȝJ/-1DQGȝJ/-1 standard solutions). 
7KHVLJQDOIRUDȝJ/-1 titanium and magnesium standard is exhibited in Figure 
6.7. The frequency distribution for this standard solution (Figure 6.8) shows 486 signal 
events tightly distributed between 50,000 and 80,000 counts. 14 events span between 
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80,000 and 230,000 counts; 7 of which constitute spikes in the transient signal. Similar 
GDWDZHUHREVHUYHGIRUWKHVLJQDOVRIDDQGȝJ/-1 titanium standard. According to 
Laborda et al.,8 the difference between aerosols produced during the nebulization of 
solutions and dilute nanoparticle suspensions is the distribution of the analyte among the 
aerosol droplets. Soluble forms of an analyte M are homogenously distributed in a 
solution, while the analyte is present in only a small fraction of droplets in a 
nanosuspension. Assuming the vast majority of droplets of a dilute nanosuspension are 
completely vaporized and atomized in the plasma, the number of titanium atoms per mL 
is calculated by:9 
 
The terms for this calculation are defined in Section 1.8.1 (page 54). The number of 
particles counted per second, qp, for a 7 ȝJ /-1 nanosuspension is calculated by:
 
where cp is the nanoparticle concentration in the sample (mL-1), fs is the sample flow rate 
(mL min-1 DQG İn is the nebulization efficiency. Table 6.2 presents the nanoparticle 
number concentrations as well as the number of particles counted per second for the 
nanosuspensions measured in this study. Figure 6.9 shows that when a homogenous 
solution is nebulized at a rate of 1.5 mL min-1, the metal ions dissolved in millions of 
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droplets produce a continuous signal at 1,000 counts.11 However, with a nanosuspension 
the signal is not continuous as not every aerosol droplet contains a nanoparticle, as may 
be verified by a simple calculation. A 7 ȝJ /-1 solution nebulized into 2 µm droplets 
would produce 3 x 10-20 g of Ti, whereas a single 25 µm particle of TiO2 contains 2 x 10-
17 g of Ti indicating that most droplets (approximately 999 in 1000) do not contain 
particles. The particles would be distributed among even fewer droplets if they 
aggregated. 
 Figure 6.10 presents the signal for a 32 ȝJ/-1 TiO2 nanosuspension. In contrast to 
WKHVLJQDOWUDFHIRUDȝJ/-1 standard solution (Figure 6.7), a total of 23 spike events 
occur three standard deviations above the mean intensity (signal events occurring above 
the green line) (Figure 6.11) and the highest signal was 5 standard deviations above the 
mean intensity (Table 6.3). The information in the upper tail of the frequency distribution 
SURYLGHV WKH QXPEHU RI VSLNHV LQ WKH VLJQDO 6LPLODU GDWDZHUH REVHUYHG IRU  ȝJ/-1 
TiO2 nanosuspension. 
A TiO2 nanosuspension was digested, in triplicate, by the same microwave 
program as would be applied to a human breast milk sample (described in detail in 
section 2.2.5). It would be expected that if the nanoparticles were completely dissolved 
and present as titanium ions, there would be no spikes in the signal. Figure 6.12 displays 
the trace of one of these sample digestions, although similar results were observed for all 
three nanosuspension digests when measured by ICP-MS in time scan mode. The 47Ti+ 
signal intensity was plotted as a function of time and 28 “forest” spikes and 23 “Johnson” 
spikes were observed. This indicates that the nanoparticles survive the digestion process. 
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The tail of the frequency distribution, shown in Figure 6.13, ranges from 240,000 to 
380,000 counts. 
Separate experiments were carried out using citric acid as a stabilizer for nano-
TiO2 suspensions and standards (for the purpose of matrix matching) and signals were 
measured by ICP-MS as a function of time. The number of readings per measurement 
was increased from 500 to 1,000, the dwell time was decreased from 103 ms to 5 ms for a 
faster instrument response rate, and additional isotopes were monitored. Of the three 
titanium isotopes monitored, the m/z 48 signal was the most sensitive and the results 
discussed below are for the signal at this m/z. Tables 6.4, 6.5, and 6.6 contain a 
compilation of data generated in Microsoft Excel from the measurement of 3 µg L-1, 10 
µg L-1, and a 20 µg L-1 titanium standard, respectively. Tables 6.7, 6.8, and 6.9 contain a 
compilation of data generated from the measurement of 5 µg L-1, 10 µg L-1, and a 15 µg 
L-1 titanium nanosuspension. Signals less than or equal to the mean constitute 
approximately 80% of the signal events for each of these nanosuspensions. From these 
data, the number of spikes can be calculated without generating a histogram, however, an 
algorithm is needed to distinguish the signals of solutions from nanosuspensions. In order 
to calculate the average number of spikes for standards and suspensions used in this 
study, the signals of samples measured over 64 s must be normalized over 103 s. The 
number of spikes in a 64 s measurement time was thus multiplied by a factor of 1.6. The 
average number of spikes for a solution and nanosuspension are given in Table 6.10. For 
a solution, the average number of spikes expected in the signal was between 4 and 11. On 
the other hand, the average number of spikes expected for a nanosuspension was between 
15 and 25. Interestingly, based on the criteria of counting the events greater than three 
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excursions from the mean, the number of spikes does not increase linearly with 
increasing concentration.  This is attributed to the fact that there is more aggregation at 
higher concentrations. 
Data for all the titanium isotopes were recorded, although signal m/z 48 was used 
for characterization in this study. Figure 6.14 displays the signal trace for a 3 µg L-1 
standard. The mean intensity and three standard deviations above the mean intensity are 
represented as the red and green lines, respectively. By visual inspection of the signal, 6 
spike events are present in the signal trace. One “forest” spike and 6 “Johnson” spikes are 
observed. Figure 6.15-6.17, display the frequency distributions of the signals for the 3 µg 
L-1 standard in count intervals of 1,000, 2,500, and 5,000, respectively. The frequency 
distribution for a sample is defined as the number of vertical bars, or bins, that cover the 
distribution. As the bin size increased from 1,000 up to 5,000, the distribution got 
narrower and all events higher than the distribution are now in the upper tail. The number 
of bins that encompassed the mean intensity distribution decreased from 9 to 4 to 2 bins 
as the bin size increased from 1,000 to 5,000 counts. Increasing the counting interval to 
5,000 counts allowed for a better visualization of the tail of the frequency distribution 
than the 1,000 (the frequency of the mean intensity was distributed in 9 bins and the tail 
contained 7 events) and 2,500 count interval (the frequency of the mean intensity was 
distributed in 4 bins and the tail contained 10 events spanning 35,000 counts), which only 
improved when the data was counted by 5,000 count intervals (the frequency of the mean 
intensity was distributed in only 2 bins and the tail contained 10 events). The main signal 
is now distributed over 4 bins and 10 events would be still be counted as spikes if the tail 
of the distribution were used as the criteria that constituted a spike. In Figure 6.17, an 
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increment of 5,000 counts was used, however this criteria may not be suitable for this 
standard solution, as the mean intensity is grouped with events of higher intensity. The 
trace signal for a typical solution (containing a few spikes) is exhibited by a 10 µg L-1 
standard, shown in Figure 6.18. A total of 8 “forest” spikes and 7 “Johnson” spikes are 
present in the signal. When the bin size is increased, the mean distribution shrinks, while 
the upper tail of the frequency distributions, shown in Figure 6.19 and Figure 6.20, for 
the 10 µg L-1 standard reflects a total of 7 spikes in the signal. The signal for a 15 µg L-1 
standard, shown in Figure 6.22, has a total of 14 “forest” spikes and 3 “Johnson” spikes. 
In Figure 6.23, the mean signal distribution spans 18 bins and contains a total of 15 
events in the tail. This presents a discrepancy when observing the amount of signal spikes 
in Figure 6.22. Increasing the bin sizes, displayed in Figures 6.24 and 6.25, allow a better 
distinction of the 2 events that occur in the upper tail of the distribution. Table 6.11 
shows the number of events in the upper tail of the frequency distribution for the 3, 10, 
and 15 µg L-1 solutions when the data is counted by increments of 1,000, 2,500, and 
5,000 count intervals. The number of events in the upper tail of the frequency distribution 
is the same for the 10 and 15 µg L-1 solutions when an interval of greater than 1,000 
counts in implemented. The signal for a 20 µg L-1 standard is plotted as a function of time 
in Figure 6.26 and contains 13 “forest” spikes and 7 “Johnson” spikes. The mean signal 
and standard deviation for each solution is indicated on the signal trace graph. Visual 
inspection of the signal reveals that the mean signal line is in agreement with the mean 
distribution generated when using the “bin criterion or method” to sort and group the 
signal events of solutions into intervals, the plots for solutions do not change within the 
same solution. 
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Figure 6.27 displays the m/z 48 signal for a 3 µg L-1 nano-TiO2 suspension in 1 
mM citric acid. Although a large number of readings are above the mean intensity (2,797 
counts), a total of 9 “forest” and 12 “Johnson” spikes were present. Figures 6.28, 6.29, 
and 6.30 display the frequency distributions for the signals of this nanosuspension in 
count intervals of 1,000, 2,500, and 5,000 respectively. In stark contrast to the frequency 
distribution of a standard in 1 mM citric acid, represented in Figures 6.15-6.17, 6.19-6.21, 
and 6.23-6.25, the intensity distribution is represented as a narrow peak with a long upper 
tail. The mean signal intensity for the 3 µg L-1 standard solution is greater than that of the 
3 µg L-1 nanosuspension by an order of magnitude. This is also the case for the 10 and 15 
µg L-1 nanosuspensions. An immediate distinction can thus be made between solutions 
and nanosuspensions if this pattern is consistent. Figures 6.31, 6.35, and 6.38 display the 
m/z 48 signals for a 10, 15, and 20 µg L-1 nano-TiO2 suspension in 1 mM citric acid. The 
frequency distributions for these nanosuspensions, shown in Figures 6.32, 6.33, 6.34, 
6.36, and 6.37 reflect a similar pattern. A special case was seen for the 15 µg L-1 nano-
TiO2 suspension. Visual inspection would place the mean signal between 7,500 and 
10,000 counts; however, due to the fact that spike events are not excluded from 
calculation of the mean signal, the mean signal is actually shifted to 14,560 counts. A 
similar case is shown when inspecting the frequency distributions of the 10 and 15 µg L-
1, as the mean signal intensities have been overestimated due to the inclusion of the 
spikes in the signal when calculating the mean intensity. Table 6.12 shows the number of 
events in the upper tail of the frequency distribution for the 3, 10, and 15 µg L-1 
nanosuspensions when the data is counted by increments of 1,000, 2,500, and 5,000 count 
intervals. The number of events in the upper tail of the frequency distribution for the 10 
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and 15 µg L-1 solutions is similar when 2,500 and 5,000 count intervals are implemented. 
Visual inspection of the signal reveals that the mean signal line is not in agreement with 
the mean distribution of the Poisson distribution; the mean distribution is typically greater 
than the mean signal that is observed on the ICP-MS signal trace plot. This is certainly 
attributed to the large number of spike events within the signal are attributed to the 
presence of nanoparticles in solution. The “bin criterion” allows the distribution to 
collapse into 3 or 4 bins, and every signal thereafter is apart of the upper tail. The 
frequency distributions and number of spikes in the signal for solutions did not show a 
change, however the spike signals in the nanosuspensions increased significantly.  
Figure 6.39 displays the signal trace for a 3 µg L-1 dissolved titanium/nano-TiO2 
mixture. While the mean intensity for this mixture was 32,570 counts, a large “Johnson” 
spike, at over 2,111,000 counts was observed (the scale is zoomed in to exhibit the counts 
at lower intensities around the mean value of 32,570 counts). With nanosuspensions of 
low concentrations, there is less aggregation. Thus, the signals space out themselves out 
more and spikes in the signal are less frequent. A total of 35 and 36 spikes (“forest” and 
“Johnson”), respectively are observed for a 9 µg L-1 and a 12 µg L-1 dissolved 
titanium/nano-TiO2 mixture (Figure 6.40 and Figure 6.41). When comparing frequency 
distribution of the signal (increments of 1,000 counts) for the 12 µg L-1 dissolved 
titanium/nano-TiO2 mixture, shown in Figure 6.42, to that of a 10 µg L-1 standard, shown 
in Figure 6.19, a clear distinction can be seen in the number of events in the upper tail. 
To evaluate the possibility of distinguishing a mixture of a standard and that 
contains an equal concentration of Ti in the nanoparticulate form, the signals of standards 
and mixtures were combined, sorted, and the frequency distribution was plotted in 
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intervals of 1,000 counts. Figure 6.44 represents frequency distribution of the 
combination of 1,000 readings of a synthetic 3 µg L-1 standard solution/nanosuspension 
mixture. Two Poisson distributions arise: one that originates from the nanosuspension 
(events between 0 and 14,000 counts) and the other that is attributed to the signal for the 
standard solution (events between 15,000 and 24,000 counts). The peaks for the mean 
distributions are completely resolved; therefore, in the case of a solution containing both 
dissolved titanium ions and titanium nanoparticles, a clear distinction between the signals 
can be made by plotting the frequency distribution of the signal events. A similar case is 
shown in Figure 6.45 for a synthetic 5 µg L-1/3 µg L-1 standard solution/nanosuspension 
mixture. The events between 0 and 24,000 counts arise from titanium in the 
nanosuspension while the events between 25,000 and 37,000 counts are attributed to the 
dissolved ions in the standard solution. Studies will be performed with actual mixtures.  
6.5 Conclusions 
Data handling parameters must be established that allow easy observation of the 
differences in the signals for nanoparticulate and standard (which will have signals 
attributed to the residue of nanoparticle in the sample introduction system). Spikes in the 
signal were defined by distinct parameters using the mean and standard deviation. The 
first approach consisted of calculating the mean,  and standard deviation, s, of the 
signals, where a spike in the signal was >  + ks (k =3). This approach, however did lead 
to a statistical difference in the spike signal events for solutions and nanosuspensions; 
under this criterion, the presence of large spikes shifted the mean intensity up past the 
actual mean value. “Soil” and “grass” spikes were negligible and attributed to dissolved 
material, however “forest” and “Johnson” spikes allowed the distinction of a solution 
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from a nanosuspension. The signals for nanosuspensions consisted of a large number of 
events that were greater than three excursions from the mean intensity (these spikes were 
designated as “Johnson” spikes).  
The single-particle signal phenomenon was not exclusive to the most sensitive 
isotope, m/z 48, but signal spikes were observed in m/z 47 and m/z 49 signals as well. 
Interestingly, Figure 6.43 shows that when comparing data for the three titanium isotopes 
RYHU WKH VDPH PHDVXUHPHQW WLPH WKH VSLNH HYHQWV LQ VLJQDO IRU D  ȝJ /-1 
nanosuspension do not track each other. The detector must have ample time to recover in 
order to make the next reading, therefore it is not clear whether those spikes are a feature 
of their mode of data acquisition. In the time it takes for the detector to switch from 
isotope to isotope the cloud of ions may have disappeared. Since all the titanium signals 
come from the same cloud of ions being atomized, the m/z 47, m/z 48, and m/z 49 
isotopes could be used as a way of tracking the growth and decay of the flash in the 
plasma. By plotting the frequency distributions of each sample and utilizing the 
information in the tail of the Poisson distribution, the number of spikes in the signal can 
also be easily counted, as the spikes are events that arise from the uneven distribution of 
nanoparticles in the suspension. If particles are present in a nebulized sample, the 
histogram plot of the frequency distribution will show an observable difference in 
comparison to a solution containing dissolved ions. Increasing the bin size (the count 
increments) from 1,000 to 5,000 for both solutions and nanosuspensions gives rise to a 
distinction in the upper tail of the distribution plots as the signal intensity distributions as 
the distribution of nanosuspensions get narrower, and the upper tail broadens. 
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It was confirmed that signal traces for dissolved materials contained little to no 
spikes in the signal (titanium is evenly distributed in the droplets), while nanosuspensions 
contained numerous spikes, spanning several orders of magnitude above the mean signal, 
that are attributed to the uneven distribution of nanoparticles in each droplet. Dynamic 
light scattering results showed that particles in the 7 µg L-1 nanosuspension had average 
diameter of 106.3 nm. This implies the detection of aggregates of two 25 nm particles. 
More DLS measurements are needed to investigate the degree of aggregation for the 
nanosuspensions measured in this study. 
Laborda et al.8 accomplished the single-particle ICP-MS determination of silver 
nanoparticles using 20,000 replicate measurements per sample. However, the software 
for the PerkinElmer ICP-MS allows a maximum of 1,000 replicate measurements per 
sample. This limitation was overcome by setting the dwell time to 5 ms and observing the 
signals of two titanium other isotopes, along with the cadmium signal, to demonstrate the 
same phenomenon. Including more isotopes in the suite of analytes, shortens the time the 
measurement window for each individual isotope. If the dwell time was set to the lowest 
possible setting and a larger suite of isotopes were included the detector would hop across 
the titanium isotopes at an even faster rate. 
 This method could be used to detect single-particles in biological samples. For 
example, single-particle ICP-MS could be employed for the detection of titanium dioxide 
nanoparticles in the human breast milk sample mentioned in Section 2.2.5 that contained 
51 ȝJ NJ-1 titanium. Microwave digestion does not completely destroy nanoparticulate 
material. So, for a sample, such as the one mentioned, titanium dioxide particles could be 
detected by ICP-MS. If the titanium in human breast were presumably present in the form 
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of 25 nm particles, the nanoparticle concentraton could be calculated. This would provide 
insight to the contribution of nanoparticle titanium to the concentration of titanium found 
in human breast milk. 
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6.7 Chapter 6 Tables 
 
Table 6.1: Operating conditions for single-particle ICP-MS determination 
 
 Procedure A Procedure B 
Forward power (kW) 1.6 1.6 
Gas flow rates (L min-1)   
Nebulizer gas flow 0.95 0.95 
Sample uptake rate (mL min-1) 1.5 1.5 
Dwell time (ms)  103 5 
Sample read delay (s) 30 30 
Nebulizer wash time (s) 300 300 
Readings per isotope 500 1000 
Total measurement time (s) 103 64 
Isotopes monitored 47Ti+, 24Mg+ 
47Ti+, 48Ti+, 49Ti+, 
111Cd+ 
 
Table 6.2: Nanoparticle concentration of nanosuspensions used in this study. 
 
Titanium concentration 
(ng/mL) 
Number of particles 
per mL 
Number of particles per 
L 
Number of 
particles counted 
per s 
0.025 2.0E+15 2.0E+12 1.01E+12 
0.05 2.4E+15 2.4E+12 1.22E+12 
1 3.5E+16 3.5E+13 1.74E+13 
3 8.1E+16 8.1E+13 4.07E+13 
7 1.9E+17 1.9E+14 9.49E+13 
9 2.4E+17 2.4E+14 1.22E+14 
12 3.3E+17 3.3E+14 1.63E+14 
15 4.1E+17 4.1E+14 2.03E+14 
20 5.4E+17 5.4E+14 2.71E+14 
32 7.1E+17 7.1E+14 3.55E+14 
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7DEOH6LJQDOGLVWULEXWLRQVIRUDSSEȝJ/-1 nanosuspension. 
 
Intervals 47Ti Counts Number of events 
Mean 236,991  
Standard deviation (s) 45,860 624 
0HDQV 282,851 256 
0HDQV 328,712 51 
0HDQV 374,572 46 
0HDQV 420,432 20 
0HDQV 466,293 3 
High 449,774  
s from mean 5  
   
 
Table 6.4: Signal distributions for a 3 µg L-1 titanium standard in 1 mM citric acid. 47Ti 
standard deviation: 464, 48Ti standard deviation: 2,460, 49Ti standard deviation: 368. 
 
Interval 47Ti Counts Number of events 
48Ti Counts Number of events 
49Ti Counts Number of events 
0HDQ 1514 549 19,982 536 975 515 
0HDQV 1,978 301 22,442 395 1,343 385 
0HDQV 2,442 131 24,902 62 2,078 98 
0HDQV 2,906 16 27,362 1 3,180 0 
0HDQV 3,370 3 29,822 6 4,651 2 
High 6,302  63,521  5,702  
s above mean 10  18  13  
       
 
Table 6.5: Signal distributions for a 10 µg L-1 titanium standard in 1 mM citric acid. 47Ti 
standard deviation: 767, 48Ti standard deviation: 3,535, 49Ti standard deviation: 579. 
 
Interval 47Ti Counts Number of events 
48Ti Counts Number of events 
49Ti Counts Number of events 
0HDQ 4,013 543 39,982 554 545 545 
0HDQV 4,780 320 43,517 359 3,010 293 
0HDQV 5,547 120 47,052 72 3,589 113 
0HDQV 6,347 13 50,587 8 4,168 25 
0HDQV 7,081 4 54,122 7 4,747 4 
High 13,210  94,691  5,326  
s above mean 12  15  8  
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Table 6.6: Signal distributions for a 20 µg L-1 titanium standard in 1 mM citric acid. 47Ti 
standard deviation: 968, 48Ti standard deviation: 6,561, 49Ti standard deviation: 895. 
 
Interval 47Ti Counts Number of events 
48Ti Counts Number of events 
49Ti Counts Number of events 
0HDQ 7,963 502 93,473 500 6,234 545 
0HDQV 8,661 260 100,034 416 7,129 293 
0HDQV 9,629 202 106595 70 8,024 113 
0HDQV 10,597 34 113,156 9 8,919 25 
0HDQV 1,565 2 119,717 5 9,814 4 
High 11,307  136,010  12,709  
s above mean 3  6  7  
 
Table 6.7: Signal distributions for a 5 µg L-1 titanium nanosuspension in 1 mM citric acid. 
47Ti standard deviation: 1,574, 48Ti standard deviation: 7,152, 49Ti standard deviation: 2,800. 
 
Interval 47Ti Counts 
Number of 
events 48Ti Counts 
Number 
of events 49Ti Counts 
Number of 
events 
0HDQ 699.0 738 6582.5 818 370 862 
0HDQV 2273 231 13735 131 3170 123 
0HDQV 3847 14 20887 20 5970 4 
0HDQV 5421 6 28039 10 8770 6 
0HDQV 6995 11 35191 21 11570 5 
High 30652  95196  11570  
s above mean 19  12  4  
 
Table 6.8: Signal distributions for a 10 µg L-1 titanium nanosuspension in 1 mM citric acid. 
47Ti standard deviation: 2,986, 48Ti standard deviation: 12,940, 49Ti standard deviation: 
2,769. 
 
Interval 47Ti Counts 
Number of 
events 48Ti Counts 
Number of 
events 49Ti Counts 
Number of 
events 
0HDQ 1,048 800 13,982 787 556 825 
0HDQV 4,034 169 26,922 148 3,325 153 
0HDQV 7,020 19 39,862 28 6,095 15 
0HDQV 10,006 3 52,802 14 8,864 4 
0HDQV 12,992 9 65,742 23 11,634 7 
High 54,664  167,835  71,379  
s above mean 18  12  26  
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Table 6.9: Signal distributions for a 15 µg L-1 titanium nanosuspension in 1 mM citric acid. 
47Ti standard deviation: 4,319, 48Ti standard deviation: 48,193, 49Ti standard deviation: 
2,975. 
 
Interval 
47Ti 
Counts 
Number of 
events 
48Ti 
Counts 
Number of 
events 
49Ti 
Counts 
Number of 
events 
0HDQ 1,403 810 14,560 818 818 806 
0HDQV 5,722 161 62,753 160 3,793 156 
0HDQV 10,040 17 110,947 11 6,768 22 
0HDQV 14,359 2 159,140 4 9,744 5 
 Mean + 4s 18,677 10 207,333 7 12,719 11 
High 82,371  960,948  12,719  
s above mean 19  20  4  
 
Table 6.10: The average number of spikes for a standard solution vs. a nanosuspension. 
 
Standards  Nanosuspensions 
Concentration 
Number of spikes in 
signal  Concentration 
Number of spikes 
in signal 
5 µg L-1 10  32 µg L-1 23 
25 µg L-1 3  3 µg L-1 19 
3 µg L-1 10  5 µg L-1 34 
5 µg L-1 2  10 µg L-1 37 
10 µg L-1 11  15 µg L-1 11 
15 µg L-1 6  20 µg L-1 27 
20 µg L-1 11  
Mean number of 
spikes 25 
Mean number of 
spikes 8  Std Dev. 10 
Std Dev. 4    
 
 
  
  
217 
 
Table 6.11: The number of events in the upper tail of the frequency distribution of the 
signals of 3, 10, and 15 µg L-1 standard solutions when 1,000, 2,500, and 5,000 count 
intervals are used to evaluate 1,000 readings. 
 
Sample 
Number of 
events in 
1,000 count 
plot 
Number of 
events in the 
upper tail 
Number of 
events in 2,500 
count plot 
Number of 
events in the 
upper tail 
Number of 
events in 5,000 
count plot 
Number of 
events in the 
upper tail 
3 µg L-1 11 7 5 10 3 3 
10 µg L-1 18 6 7 7 3 7 
15 µg L-1 18 15 8 2 5 2 
 
Table 6.12: The number of events in the upper tail of the frequency distribution of the 
signals of 3, 10, and 15 µg L-1 nanosuspensions when 1,000, 2,500, and 5,000 count 
intervals are used to evaluate 1,000 readings. 
 
Sample 
Number of 
events in 1,000 
count plot 
Number of 
events in the 
upper tail 
Number of 
events in 
2,500 count 
plot 
Number of 
events in the 
upper tail 
Number of 
events in 
5,000 count 
plot 
Number of 
events in the 
upper tail 
3 µg L-1 6 57 2 64 1 65 
10 µg L-1 18 76 9 69 4 69 
15 µg L-1 20 109 12 65 5 79 
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6.8 Chapter 6 Figures 
 
Figure 6.1: Trace of the ICP-MS signal as a function of time for a calibration blank. 
Conditions: 1,000 readings in total, 206 ms detection time for 47Ti+ and 24Mg+ ion detection. 
Red: 47Ti+ signal, blue: 24Mg+ signal. Total measurement time: 103 s. Mean: 1,475, mean + 
3s: 2,245. 
 
Figure 6.2: Frequency distribution of the ICP-MS signal of a calibration blank. 
Conditions: 47Ti+, 500 readings, 103 ms dwell time. Mean: 1,475, mean + 3s: 2,245. 0 
spikes present in signal. Highest reading: 2,240 counts.  
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Figure 6.3: Trace of the ICP-06VLJQDODVDIXQFWLRQRIWLPHIRUDVWDQGDUGFRQWDLQLQJȝJ
L-1 of Ti and Mg. Conditions: 1,000 readings in total, 206 ms detection time for 47Ti+ and 
24Mg+ ion detection. Blue: 47Ti+ signal, red: 24Mg+ signal. Total measurement time: 103 s. 
Mean: 18,500, mean + 3s: 25,300. 
 
 
Figure 6.4: Frequency distribution of the ICP-06VLJQDOIRUVWDQGDUGFRQWDLQLQJȝJ/-1 of 
Ti and Mg, time scan mode. Conditions: 47Ti+, 500 readings, 103 ms dwell time. Mean: 
18,500, mean + 3s: 25,300. 10 spikes present in the 47Ti+ signal. 
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Figure 6.5: Trace of the ICP-06VLJQDODVDIXQFWLRQRIWLPHIRUDȝJ/-1 magnesium 
standard. Conditions: 500 readings, 103 ms detection time for 24Mg+ ion detection. Total 
measurement time: 103 s. Mean: 67,528 (blue line), mean + 3s: 75,990 (green line). 0 
spikes present in the signal. 
 
Figure 6.6: Frequency distribution of the ICP-06VLJQDOIRUVWDQGDUGFRQWDLQLQJȝJ/-1 
titanium and magnesium. Conditions: 24Mg+, 500 readings, 103 ms dwell time. Mean: 
67,528 (black arrow), mean +3s: 75,990. 0 spikes in the 24Mg+ signal. 
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Figure 6.7: Trace of the ICP-06VLJQDODVDIXQFWLRQRIWLPHIRUDVWDQGDUGFRQWDLQLQJȝJ
L-1 of Ti and Mg. Conditions: 1,000 readings in total, 206 ms detection time for 47Ti+ and 
24Mg+ ion detection. Blue: 47Ti+ and signal, red: 24Mg+ signal. Total measurement time: 103 
s. 
 
 
Figure 6.8: Frequency distribution of the ICP-06VLJQDOIRUVWDQGDUGFRQWDLQLQJȝJ/-1 of 
titanium. Conditions: 47Ti+, 500 readings, 103 ms dwell time. 3 spikes in the signal. 
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Figure 6.9: The signal for a solution where the ions are distributed among >106 aerosol 
droplets. The analyte signal is constant at around 1000 counts per second.11 
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Figure 6.10: Trace of the ICP-06 VLJQDO DV D IXQFWLRQ RI WLPH IRU D  ȝJ /-1 TiO2 
nanosuspension. Conditions: 1,000 readings, 103 ms detection time for 47Ti+ ion detection. 
Total measurement time: 103 s. Mean: 237,000 (red line), mean + 3s: 374,000 (green line). 
 
 
Figure 6.11: Frequency distribution of the ICP-06VLJQDO IRUDȝJ/-1 nanosuspension. 
Conditions: 47Ti+, 1,000 readings, 103 ms dwell time. Mean: 237,000 (the black arrow), 
mean + 3s: 374,000 (red arrow). 23 spikes present in the signal. 
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Figure 6.12: Trace of the ICP-MS signal as a function of time for an 80 µg L-1 acid digested 
nano-TiO2 suspension. Conditions: 1,000 readings, 103 ms detection time for 47Ti+ ion 
detection. Total measurement time: 103 s. Mean: 166,457 (red line), mean + 3s: 292,489 
(green line). Signal contained 28 “forest” spikes and 23 “Johnson” spikes. 
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Figure 6.13: Frequency distribution of the ICP-MS signal for an 80 µg L-1 acid digested 
nano-TiO2 suspension. Mean: 166,457 (black arrow), mean + 3s: 292,489 (red arrow), 23 
spikes. 
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Figure 6.14: Trace of the ICP-MS signal as a function of time for a 3 µg L-1 standard in 
1mM citric acid. Conditions: 1000 readings, 5 ms detection time for 48Ti+ ion detection. 
Mean: 19,982 (red line), mean + 3s: 27,363 (green line). Highest reading: 63,521 counts. 
Signal contains 1 “forest” spike and 6 “Johnson” spikes. 
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Figure 6.15: Frequency distribution of the ICP-MS signal for a 3 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 1,000 counts. Mean: 19,982 
(black arrow), mean + 3s: 27,362 (blue arrow). 
 
 
Figure 6.16: Frequency distribution of the ICP-MS signal for a 3 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 2,500 counts. Mean: 19,982 
(black arrow), mean + 3s: 27,362 (blue arrow). 
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Figure 6.17: Frequency distribution of the ICP-MS signal for a 3 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 5,000 counts. Mean: 19,982 
(black arrow), mean + 3s: 27,362 (blue arrow). 
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Figure 6.18: Trace of the ICP-MS signal as a function of time for a 10 µg L-1 standard in 
1mM citric acid. Conditions: 1000 readings, 5 ms detection time for 48Ti+ ion detection. 
Mean: 39,982 (red line), mean +s: 43,518 (green line), mean +2s: 47,053 (purple line), 
mean + 3s: 50,588 (blue line). Signal contains 8 “forest” spikes and 7 “Johnson” spikes. 
Highest reading: 94,691 counts. 
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Figure 6.19: Frequency distribution of the ICP-MS signal for a 10 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 1,000 counts. Mean: 39,982 
(black arrow), mean + 3s: 50,588 (blue arrow). 
 
 
Figure 6.20: Frequency distribution of the ICP-MS signal for a 10 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 2,500 counts. Mean: 39,982 
(black arrow), mean + 3s: 50,588 (blue arrow). 
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Figure 6.21: Frequency distribution of the ICP-MS signal for a 10 µg L-1 standard in 
1mM citric acid. 1,000 signal events are sorted in increments of 5,000 counts. Mean: 
39,982 (black arrow), mean + 3s: 50,588 (blue arrow). 
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Figure 6.22: Trace of the ICP-MS signal as a function of time for a 15 µg L-1 standard in 
1mM citric acid. Conditions: 1000 readings, 5 ms detection time for 48Ti+ ion detection. 
Total measurement time: 64 s. Mean: 60,703 (red line), mean +3s (green line): 72,551. 
Highest reading: 107,128 counts. Signal contains 14 “forest” spikes and 3 “Johnson” spikes. 
 
73,294  
107,127  
72,185  
83,280  
40,000
50,000
60,000
70,000
80,000
90,000
100,000
110,000
0 10 20 30 40 50 60 70
in
te
ns
ity
  (c
ps
)  
time  (s)  
  
233 
 
 
Figure 6.23: Frequency distribution of the ICP-MS signal for a 15 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 1,000 counts. Mean: 60,703 
(black arrow), mean + 3s: 72,551(blue arrow). 
 
 
Figure 6.24: Frequency distribution of the ICP-MS signal for a 15 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 2,500 counts. Mean: 60,703 
(black arrow), mean + 3s: 72,551(blue arrow). 
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Figure 6.25: Frequency distribution of the ICP-MS signal for a 15 µg L-1 standard in 1mM 
citric acid. 1,000 signal events are sorted in increments of 5,000 counts. Mean: 60,703 
(black arrow), mean + 3s: 72,551(blue arrow). 
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Figure 6.26: Trace of the ICP-MS signal as a function of time for a 20 µg L-1 standard in 
1mM citric acid. Conditions: 1000 readings, 5 ms detection time for 48Ti+ ion detection. 
Total measurement time: 64 s. Mean: 93,473 (blue line), mean +3s: 109,434 (light blue 
line). Highest reading: 136,010 counts. Signal contains 13 “forest” spikes and 7 “Johnson” 
spikes. 
 
127,893  
121,811  
116,036  
117,859  
110,062   111,074  
136,010  
60,000
70,000
80,000
90,000
100,000
110,000
120,000
130,000
140,000
0 10 20 30 40 50 60 70
in
te
ns
ity
  (c
ps
)  
time  (s)  
  
236 
 
 
Figure 6.27: Trace of the ICP-MS signal as a function of time for a 3 µg L-1 nano-TiO2 in 
1mM citric acid. Conditions: 1,000 readings, 5 ms detection time for 48Ti+ ion detection. 
Total measurement time: 64 s. Mean: 2,797 (red line), mean +s: 9,790 (green line), mean 
+2s: 16,783 (purple line), mean +3s: 23,776 (blue line). Highest signal event: 142,813. 
Signal contains 9 “forest” spikes and 12 “Johnson” spikes. 
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Figure 6.28: Frequency distribution of the ICP-MS signal for a 3 µg L-1 nano-TiO2 in 
1mM citric acid. 1,000 signal events are sorted in increments of 1,000 counts. Mean: 
2,797 (red arrow), mean +s: 9,790 (green arrow), mean +2s: 16,783 (purple arrow), mean 
+3s: 23,776 (blue arrow). 
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Figure 6.29: Frequency distribution of the ICP-MS signal for a 3 µg L-1 nano-TiO2 in 1mM 
citric acid. 1,000 signal events are sorted in increments of 2,500 counts. Mean: 2,797 (red 
arrow), mean +s: 9,790 (green arrow), mean +2s: 16,783 (purple arrow), mean +3s: 23,776 
(blue arrow). 
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Figure 6.30: Frequency distribution of the ICP-MS signal for a 3 µg L-1 nano-TiO2 in 1mM 
citric acid. 1,000 signal events are sorted in increments of 5,000 counts. Mean: 2,797 (red 
arrow), mean +s:   9,790 (green arrow), mean +2s: 16,783 (purple arrow), mean +3s: 23,776 
(blue arrow). 
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Figure 6.31: Trace of the ICP-MS signal as a function of time for a 10 µg L-1 nano-TiO2 in 
1mM citric acid. Conditions: 1,000 readings, 5 ms detection time for 48Ti+ ion detection. 
Total measurement time: 64 s. Mean: 13,982 (orange line), mean + s: 26,922 (purple line), 
mean + 2s: 39,862 (blue line), and mean +3s: 52,802 (green line). Highest signal event: 
167,835. Signal contains 16 “forest” spikes and 22 “Johnson” spikes. 
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Figure 6.32: Frequency distribution of the ICP-MS signal for a 10 µg L-1 nano-TiO2 in 
1mM citric acid. 1,000 signal events are sorted in increments of 1,000 counts. Mean: 
13,982 (red arrow), mean +s: 26,922 (green arrow), mean +2s: 39,862 (purple arrow), 
mean +3s: 52,802 (blue arrow). 
 
 
 
Figure 6.33: Frequency distribution of the ICP-MS signal for a 10 µg L-1 nano-TiO2 in 1mM 
citric acid. 1,000 signal events are sorted in increments of 2,500 counts. Mean: 13,982 (red 
arrow), mean +s: 26,922 (green arrow), mean +2s: 39,862 (purple arrow), mean +3s: 52,802 
(blue arrow). 
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Figure 6.34: Frequency distribution of the ICP-MS signal for a 10 µg L-1 nano-TiO2 in 1mM 
citric acid. 1,000 signal events are sorted in increments of 5,000 counts. Mean: 13,982 (red 
arrow), mean +s: 26,922 (green arrow), mean +2s: 39,862 (purple arrow), mean +3s: 52,802 
(blue arrow). 
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Figure 6.35: Trace of the ICP-MS signal as a function of time for a 15 µg L-1 nano-TiO2 in 
1mM citric acid. Conditions: 1,000 readings, 5 ms detection time for 48Ti+ ion detection. 
Total measurement time: 64 s. Mean: 14,560 (red line), mean + s: 62,709 (green line), mean 
+ 2s: 110,858 (purple line), mean +3s: 159,007 (blue line). Highest signal event: 960,948. 
Signal contains 4 “forest” spikes and 7 “Johnson” spikes. 7 spikes present in the signal. 
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Figure 6.36: Frequency distribution of the ICP-MS signal for a 15 µg L-1 nano-TiO2 in 1mM 
citric acid. 1,000 signal events are sorted in increments of 1,000 counts. Mean: 14,560 (red 
arrow), mean +s: 62,709 (green arrow), mean +2s: 110,858, mean +3s: 159,002. 
 
Figure 6.37: Frequency distribution of the ICP-MS signal for a 15 µg L-1 nano-TiO2 in 1mM 
citric acid. 1,000 signal events are sorted in increments of 5,000 counts. Mean: 14,560 (red 
arrow), mean +s: 62,709 (green arrow), mean +2s: 110,858, mean +3s: 159,002. 
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Figure 6.38: Trace of the ICP-MS signal as a function of time for a 20 µg L-1 nano-TiO2 in 
1mM citric acid. Conditions: 1,000 readings, 5 ms detection time for 48Ti+ ion detection. 
Total measurement time: 64 s. Mean: 23,834, mean + s: 46,230, mean + 2s: 69,176 (green 
line), mean +3s: 92,121(purple line). Highest signal event: 354,167. Signal contains 10 
“forest” spikes and 17 “Johnson” spikes. 
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Figure 6.39: Trace of the ICP-MS signal as a function of time for a 3.0 µg L-1 titanium 
standard/nanosuspension mixture at a concentration of 3.0 µg L-1 nano-TiO2 in 1 mM citric 
acid. Conditions: 1,000 readings, 5 ms detection time for 48Ti+ ion detection. Total 
measurement time: 64 s. Mean: 32,570 (red line), mean + s: 103,234 (green line), mean + 
2s: 173,898 (purple line), mean +3s: 244,562 (blue line). Zoomed to signals at the mean, 
however there is a large spike at 7.1 s of 2,111,600 counts. Signal contains 1 “forest” spikes 
and 2 “Johnson” spikes. 
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Figure 6.40: Trace of the ICP-MS signal as a function of time for a 9.0 µg L-1 titanium 
standard spiked with the stock nanosuspension to a concentration of 9.0 µg L-1 nanoTiO2 in 
1 mM citric acid. Conditions: 1,000 readings, 5 ms detection time for 48Ti+ ion detection. 
Total measurement time: 64 s. Mean: 76,773 (red line), mean + s: 11,378 (green line), mean 
+ 2s: 145,984 (purple line), mean +3s: 180,589 (blue line). Highest signal event: 527,894 
counts. Signal contains 20 “forest” spikes and 15 “Johnson” spikes. 
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Figure 6.41: Trace of the ICP-MS signal as a function of time for a 12.0 µg L-1 titanium 
standard/nanosuspension mixture at a concentration of 12.0 µg L-1 nano-TiO2 in 1 mM citric 
acid. Conditions: 1,000 readings, 5 ms detection time for 48Ti+ ion detection. Total 
measurement time: 64 s. Mean: 109,976 (red line), mean +s: 156,469 (green line), mean 
+2s: 202,954 (blue line), mean +3s: 249,443. Signal contains 11 “forest” spikes and 25 
“Johnson” spikes. 
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Figure 6.42: Frequency distribution of the ICP-MS signal for a 12.0 µg L-1 titanium 
standard/nanosuspension mixture at a concentration n of 12.0 µg L-1 nano-TiO2 in 1 mM 
citric acid. Conditions: 48Ti+, 1,000 readings, 5 ms dwell time. Mean: 109,976 (black arrow), 
mean +s: 156,469 (green arrow), mean +2s: 202,954 (purple arrow), mean +3s: 249,443 (red 
arrow). 
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Figure 6.43: Trace of the ICP-MS signal as a function of time for a 15 µg L-1 nano-TiO2 in 
1mM Citric acid. The y-axis is magnified so that all signals are visible. Conditions: 4,000 
readings in total, 20 ms detection time for 47Ti+, 48Ti+, 49Ti+, and 102Ru+ ion detection. There 
are no spikes in the 102Ru+ signal. The signal spikes for 47Ti+, 48Ti+, and 49Ti+are not 
synchronized. Total measurement time: 64 s. 
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Figure 6.44: Frequency distribution for a synthetic solution/nanosuspension mixture. 
Conditions: the combination of 1,000 readings of a 3 µg L-1 standard solution and a 3 µg L-1 
nano-TiO2 (2,000 readings in total). 
 
 
Figure 6.45: Frequency distribution for a synthetic solution/nanosuspension mixture. 
Conditions: the combination of 1,000 readings of a 5 µg L-1 standard solution and a 3 µg L-1 
nano-TiO2 (2,000 readings in total). 
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CHAPTER 7 
 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
7.1 Conclusions 
 
 Despite the rapid development of the use of engineered nanomaterials, the 
potential for deleterious environmental effects has not yet been established. This gap in 
knowledge is heavily attributed to the innate difficulties of detection, characterization, 
and quantification of engineered nanomaterials, especially in environmental and 
biological samples.1 The fate of nanoparticles after environmental disposal is the concern 
of many researchers and accurate, high-throughput methods are needed to help settle the 
ongoing debate of the toxicity of certain nanomaterials. The determination of metallic 
constituents in biological and environmental samples (human breast milk, consumer 
products, plants, C. elegans, and nanoparticles) are described in this dissertation. 
7.1.1. Characterizing and determination of titanium and other trace elements in  human 
breast milk formula  
 
 In the human breast milk study, the trace elemental detection of 12 elements, 
including titanium was achieved by ICP-OES after microwave assisted acid digestion. 
After careful optimization of the sample digestion procedure with NIST SRM 1546, the 
method was applied toward the determination of trace elements in 20 archived milk 
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samples as well as an infant formula. Some researchers are interested in understanding 
the human health effects of exposure to complex mixtures of environmental pollutants 
and in characterizing human breast milk for the presence of titanium that may arise from 
the presence of titanium dioxide nanoparticles. Even with the use of titanium-containing 
nanomaterials in consumer products, titanium is rarely included as an analyte in studies 
of the trace elemental content in human breast milk and infant formulas. From the results 
presented for 20 milk samples, there is a measureable amount of titanium (an average 
concentration of 7 ȝJ /-1 for n = 56) in human breast milk and the maximum 
concentration of 51 ȝJ/-1. The results of this research will add to the growing pool of 
data around the world centered on the concentrations of essential and non-essential 
metals in human breast milk. 
7.1.2 Interactions between aquatic plant microcosms, metallic nanoparticles, 
 metallic salts, and rare earth elements 
 
 An analytical procedure was established for the multielemental determination of 
metallic salts, metallonanoparticles, and rare earth elements in plant (Myriophyllum 
aquaticum, Elodea canadensis, Luwigia palustris, Gingko biloba, and detritus material 
(plant litter)) meso- and microcosms. Plants were incubated in microcosms contaminated 
with metallic salts, metallonanoparticles, rare earth elements, and rare earth elements in 
the presence of metallonanoparticles. A microwave digestion procedure, using as little as 
50 mg of plant sample, was carefully established and validated by the analysis of a 
standard reference material (NIST SRM 1573 Tomato Leaves). Low detection limits 
were achieved for all elements during ICP-OES and ICP-MS analysis of plant digestions. 
Negative control microcosms allowed background concentrations to be established for 44 
elements for plant materials. After exposure to contaminants, evidence of adsorption and 
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uptake was shown as an increase in the concentration of metals and rare earth elements in 
plant materials. The above water portion of Myriophyllum aquaticum contained trace 
background concentrations of toxic elements and thus the uptake and transpiration of 
contaminants by the plant was exhibited in the increase of metal concentrations in this 
portion of the plant in comparison to negative control above water portions. This 
quantitative study can be used to track the changes in metal concentrations of aquatic 
plants and to determine the rate of adsorption and uptake of metals in situations of 
accidental or deliberate contamination. 
7.1.3 Determination of titanium and other trace elements in consumer products  and 
foodstuffs 
 
There is an interest in the detection of constituents of nanomaterials in biological 
samples, including human breast milk samples. In particular, the work described in this 
dissertation centered on the characterization of human breast milk for the presence of 
titanium dioxide nanoparticles. Given the effect that both diet and usage of consumer 
products have on the content of breast milk, methods are reported for the determination 
of titanium in a variety of consumer products: select snack foods and as well as consumer 
products, such as facial scrubs, lotions, toothpaste, and pain relief tablets. Some products 
indicated the presence of titanium dioxide as an ingredient, and others were selected for 
analysis as a result of the opaque appearance of components such as crème fillings. 
Concentrations of Ti in the five consumer products ranged from 102 to 725 mg kg-1 and 
56.5 ± 10.6 mg kg-1 in pain relief tablets. Concentrations of Ti in food ranged from 0.20 
to 35.3 mg kg-1 and the pink “bite-sized candy” contained the highest concentration, of 
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titanium of all 5 colors. Titanium particles were extracted from complex mixtures using 
organic solvents and total titanium concentrations were determined ICP-OES. 
7.1.4 Nanotoxicity of gold and silver nanoparticles to Caenorhabditis elegans 
 
An analytical method was developed for the quantification of nanomaterial uptake 
in C. elegans by ICP-MS. Typically, toxicity and uptake are measured by microscopy and 
assays that center on changes in the normal behavior nematodes in liquid media, however 
this work is the first of its kind to attempt to quantify the uptake of nanomaterials in C. 
elegans. The effects of particle size, nanomaterial composition, and agglomeration states 
were investigated, and compared the effects of exposure to metallic ions vs. 
metallonanomaterials. The results of these studies proved the hypotheses that C. elegans 
ingest nanoparticles through their grinder and that they cannot distinguish between 
nanoparticles suspended in liquid medium and their natural food particles of similar size. 
7.1.5 Single-particle ICP-MS of titanium dioxide nanoparticles 
 
A single-particle ICP-MS study was conducted to investigate the capability of 
distinguishing solutions containing dissolved metals from nanosuspensions, especially in 
the case of titanium. This was accomplished by the measurement of aqueous standards, 
nanosuspensions, and a mixture of aqueous standard and nanosuspensions in as a 
function of time. Data handling allowed easy observation of the differences in the signals 
for nanoparticulate and dissolved materials. Spikes in the signal were defined by distinct 
parameters using the mean and standard deviation. “Soil” and “grass” spikes were 
negligible and attributed to dissolved material, however “forest” and “Johnson” spikes 
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allowed the distinction of a solution from a nanosuspension. The signals for 
nanosuspensions consisted of a large number of signal event that were greater than three 
standard deviations from the mean intensity. “Johnson” spikes were defined as a transient 
event greater than or equal to three standard deviations from the mean. Although this 
work focused solely on titanium nanosuspensions, single-particle ICP-MS will be 
examined for its vitality toward the determination of other metallonanoparticles, such as 
gold and silver, especially in biological and environmental samples. It can certainly be 
employed for the determination of nanoparticles in wastewater and drinking waster 
(especially mimicking some sort of washing of a consumer product down a drainage 
system to test the effects of consumer product disposal on the water system). If this 
method is to be used to determine the presence of nanoparticles in dilute solutions (for 
example in a human breast milk, blood, urine, or C. elegans sample), a calculation of the 
lowest nanoparticle concentration would need to be explored theoretically, or through 
measuring a number of dilute nanosuspensions, where spikes in the signal would cause 
significant distinctions in signal traces. Further characterization of nanosuspensions, 
using techniques such as dynamic light scattering, SEM, and TEM, would be optimal for 
a study such as this.  
7.2  Recommendations and suggestions for future work 
 
7.2.1 The determination of metal constituents in plant material after exposure to 
 metallic contaminants 
 
 The analytical demands of experiments such as the ones described in Chapter 3 
are now known and this study give insights into the design of future plant exposure 
studies. An ideal approach to this work would be that the analytical support and the 
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experimental design be integrated and work in concert in all facets of the 
experimentations. The limitation of sample mass can hamper the precision of the 
determination. In the future, experiments will be designed such that adequate amounts (< 
2.0 g wet weight) of sample will be available for analysis. Additionally, incubation 
solutions should be received before exposure period, so that mass balance calculations 
can be made. Reagents such as a dilute L-cysteine and acid mixture was used as a rinsing 
solution between samples and proved to be extremely useful rinsing the spray chamber 
and sample tubing and diminishes the carryover effect from sample to sample. 
While nitric acid digestion was sufficient enough to dissolve a majority of the 
analytes in this study, a stronger oxidizing agent, such as HF should be used to fully 
dissolve all organic material and silicates found in plant material that hamper 
measurements.  
7.2.2 Single-particle ICP-MS: future work and considerations 
 
Further work must be done with solutions, suspensions, and mixtures to allow 
further analysis of a spiked character. No spikes would be expected in the signals for 
solutions, however due to a carryover effect (for example, one or two nanoparticles that 
are no washed out of the sample introduction system) there is indeed a small amount of 
spikes present. In order to minimize the carryover effect of this nanoparticle study, 
further investigation should be done concerning data handling, toward distinguishing 
between solutions with nanoparticles and solutions with dissolved metals. The 
PerkinElmer Elan 6100 used in this study does have the capability of dwell times as low 
as 1 ms and further work could be performed using this setting. Also, the work can be 
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improved with the faster, newer generation of ICP-MS instruments such as PerkinElmer’s 
Nexion 300Q ICP-MS or the Agilent 7700x ICP-MS. The data generated with these 
newer instruments would be compared with the results from the Elan 6100 in order to 
provide a point of reference to laboratories with the same generation of ICP-MS 
instrument as we have. Detection limit studies will be performed where the lowest 
concentration of nanoparticles which can be measured (1) in the presence and (2) the 
absence of dissolved metals would be determined. Real samples will most likely contain 
a mixture of dissolved titanium and titanium in the form of nanoparticles. In order to 
delineate the fraction of the signal attributed to the presence of nanoparticles (spikes in 
the signal) and the fraction of the signal attributed to dissolved titanium in the solution 
more experiments are needed. 
7.2.3 A single-particle ICP-MS study involving human breast milk samples 
 
Professor Arcaro is interested in comparing the concentrations of trace elements 
in two breasts from the same subject (number of subjects = 10). Parameters such as the 
age of the mother and baby at the time of the milk donation, the number of live births, 
and the body mass index of the mother will be employed to draw statistical comparisons 
between the right and left breast of donors. Now that a method has been established for 
the trace determination of human breast milk, a large number of samples will be digested 
and analyzed by ICP-OES. Samples that have a significant amount of titanium would be 
cross analyzed for titanium by DRC-ICP-MS in time scan mode to determine if the 
titanium detected is in the nanoparticulate form. Although the sensitivity of an ICP-MS 
allows for very low detection limits for titanium (in the ng L-1 range) the complexity of 
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milk as a sample matrix hampers ICP-MS determination. A DRC-ICP-MS would 
minimize polyatomic interferences. Modeling the DRC-ICP-MS parameters outlined by 
D’Ilio et al.,2 milk samples will be microwave digested and diluted to 20 mL, and 
analyzed. 
The feasibility of single-particle DRC-ICP-MS analysis has not been studied, so 
this would be the first attempt to establish a method for the determination of 
nanoparticles in human milk. Preliminary experiments where milk digestions are spiked 
to a very dilute nanoparticle concentration and analyzed by single-particle ICP-MS will 
provide vital information. 
7.2.4 The determination of titanium in human serum and urine after consumption 
 of titanium-containing food 
 
Oral exposure to titanium dioxide and other nanomaterials in consumer products 
is an obvious concern however, the fate of titanium nanoparticles in food after 
consumption has not been studied. Using the data from Chapter 4, a study could be 
performed to study the clearance of titanium in food after the consumption of titanium-
containing foods. Subjects (divided into categories that include but are not limited to 
gender, age, smoking vs. non-smoking, weight, and industrial vs. rural living) could be 
asked to provide a urine and blood sample before the consumption of titanium-containing 
food. They will fast for 6 hours and then consume a serving of the titanium-containing 
food of their choice (for example Skittles bite-sized candy, M&Ms chocolate candy, 
Hostess Mini Donettes, Good and Plenty candy, or Dickinson Coconut Curds) and then 
provide 3 urine samples and a blood sample. Urine specimens will be acidified with 100 
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ȝ/RIv/v) HNO3 per 20 mL urine and stored in a refrigerator at 5 °C until analysis.3 
Urine samples will be diluted by a factor of 10 to an acid concentration of 3% (v/v) 
HNO3. NIST SRM 2668 Toxic Elements in Frozen Human Urine will be used for method 
validation and spike recoveries. Since there is currently no reference value for titanium in 
this material, adequate amounts of titanium will be added prior to analysis for recovery 
studies. As part of the method development for this study, a method will be developed 
which would involve the investigation of the appropriate operating conditions, 
interference effects, and a validation by spike and recovery. Additionally, for the method 
development of the food included in the study, validation will be accomplished using 
NIST 1548a Typical Diet (Information concentration for titanium: 4.7 mg kg-1). Blood 
and urine samples will be analyzed by single-particle ICP-MS and the signals will be 
compared against samples donated at the beginning of the study to ascertain the 
contribution of titanium in the nanoparticulate form to the concentration of titanium in 
urine after consumption of titanium-containing foods. 
Blood samples will be prepared following the procedure outlined by Heitland et 
al.4 which involve dilution with Triton-X-100 and NH4OH. The urine and blood will be 
analyzed for total titanium and other trace elements. The complexity of urine as a sample 
matrix will require the use of a dynamic reaction cell ICP-MS (DRC-ICP-MS) will be 
used to ensure there are no polyatomic interferences (i.e. 48Ca+, 36Ar12C+ on 48Ti).5 In 
order to compensate for the variations of concentrations in urine, such as dietary dilution 
effects, titanium concentrations will be normalized with urinary creatinine 
concentrations. Creatinine, a metabolite excreted by the kidneys with an almost constant 
excretion rate, in urine will be determined by HCPL with U/V detection.6 
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7.2.5 The uptake of titanium nanomaterials and dissolved ions by C. elegans 
 
This future work would focus on the development of analytical methods for 
determining toxic effects of commercially available NMs using C. elegans as a model to 
elucidate potential toxic effects in higher organisms. The uptake of nano-TiO2 in C. 
elegans will be determined by various high-throughput analytical methods. Various sizes 
and aggregation states of TiO2 NPs will be stabilized and introduced to C. elegans in 
liquid medium followed by detection of titanium nanoparticles and titanium ions by ICP-
MS. 
Nanomaterials to be included in this study are: 
1. Commercially available TiO2 nanoparticles (Aeroxide® P25 TiO2 or Evonik 
Degussa P25) 
2. Nano or microparticles extracted from consumer products such as lotions, 
facial scrubs, toothpastes, and makeup 
3. Titanium dioxide nanoparticles (NIST SRM P25, in development) 
4. Food additive (CI 77891 or E171; European Union designation for a white 
food coloring additive) 
 
Prior to exposure of C. elegans to nanomaterials, dosing solutions will be 
thoroughly characterized to determine nanoparticle parameters such as size distribution, 
purity, degree of aggregation, and stability of particles within liquid media by 
transmission electron microscopy and dynamic light scattering. Investigations of the 
contribution of dissolved ions within dosing media will be achieved by ICP-MS. The 
possibility of measuring the size distribution of the dosing media will be determined by 
single-particle ICP-MS will be explored. 
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For all experiments, negative control samples will consist of nematodes cultivated 
in liquid media. Experimental conditions will consist of nematode cultivated in liquid 
medium containing either pure TiO2 nanoparticles, TiO2 nanoparticles extracted from 
consumer products, or Ti in solution. The uptake from ionic Ti solutions (SRM 3162a) 
will be compared with that from the nanoparticle suspensions. Arizono et al.7 found that 
liquid media containing 5% dimethyl sulfoxide (DMSO) showed an 80% worm survival, 
while, 10% DMSO showed 0% worm survival after a 24 h exposure. Therefore, DMSO 
will be used as a positive control for experiments. The motility of the positive control 
nematode will be compared to nematode under experimental conditions under a 
microscope. 
Age-synchronized and mixed-staged C. elegans will be exposed to NPs of varied 
size and aggregation state by incubating the nematode in a dosing solution, containing 
stable NPs. C. elegans will be cultured in a chemically-defined medium, which has been 
found to facilitate a better understanding of how diet relates to the longevity and health of 
C. elegans.8 The chemically-defined medium will be bacteria-free allowing slower 
development, increased lifespan, and reduced fecundity. Counting mobile and immobile 
nematodes under a microscope after NP exposure will assess worm viability and 
mobility. Once a reliable method has been established, this platform can be applied to 
other types of C. elegans, more specifically, nematode with knockout genes that inhibit 
vital functions such as locomotion (unc mutations). 
To assess the effect of NMs on the environment, C. elegans will be exposed to 
NMs isolated from consumer products. Titanium dioxide particles from commercially 
available consumer products will be separated and incorporated into a stable dosing 
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solution for C. elegans exposure. For example, the outer coating of Skittles could be 
extracted using the hexane/methanol/water procedure described in Section 4.4.1. Similar 
procedures could be used to extract titanium from consumer products such as toothpastes, 
lotions, and powder donuts. 
The particle size will be determined by DLS and SEM. A NanoSight NTA 
(Nanoparticle Tracking Analysis) instrument can also be used not only to determine 
particle sizes, but also to determine zeta potential, and aggregation states the instrument 
can also allow the visualization of uptake of nanoparticles by C. elegans.9 This 
instrument has the capability of detecting nanoparticles in liquids down to 10 nm. 
Protocols for measuring the 24 h LC50 values for respective NMs as a measure of 
toxicity will follow the procedures described by Xing et al.10 To assess effects of NP 
exposure the procedures described by Zhou et al.11 will be followed in which life span 
and number of progeny per worm, brood size assays were quantified control and exposed 
colonies. This will also include assessment of the clearance of NPs through excretion and 
whether NPs are incorporated into second-generation nematodes. 
Total uptake will be determined by separating nematode from the dosing medium 
E\ ILOWUDWLRQZLWKQ\ORQ ILOWHUV ȝPSRUH VL]H0LOOLSRUH$IWHUH[SRVXUHQHPDWRGHV
will be washed 5 times with deionized water, dried by speed vacuum, and digested with a 
mixture of HF, HNO3, and H2O2 (v/v = 4:1) according to the method developed by 
Westerhoff et al.12 For single-particle ICP-MS analysis of exposed C. elegans, care must 
be taken to ensure complete digestion of the nematodes while keeping NPs intact. C. 
elegans exposed to nano-TiO2 will be dissolved with the addition of 2 mL of 25% 
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tetramethylammonium hydroxide, TMAH, (commonly used to dissociate fish tissue for 
aquatic environmental studies and trace elements)13, ultrasonicated for 15 minutes, and 
diluted with deionized water to extract NPs. A control experiment will be conducted to 
investigate the extent to which nano-TiO2 is dissolved by TMAH. Another experiment 
could be done where whole nematodes are nebulized into the ICP-MS post-exposure, 
without a digestion step, and the analyzed for the presence of nanoparticles and dissolved 
ions by single-particle ICP-MS. This has never been done and care will be taken to 
ensure the skimmer and sampler cones adsorb as little biological material as possible. 
Because sample sizes are limited in C. elegans uptake studies, the comparison of 
the signal traces for nematodes exposed to negative controls, ionic titanium solutions, 
nanosuspensions, and titanium particles extracted from the consumer products will be 
analyzed by single-particle DRC-ICP-MS. This technique is capable of distinguishing in 
soluble metal ions in solution in the ng L-1 concentration range expected for C. elegans 
uptake. Depending on calibration, it may also be possible to quantify insoluble metallic 
NPs from metal ions in solution. Additionally, fractionation of nematodes, nanoparticles, 
and dissolved ions could be accomplished by field flow fractionation, followed by 
determination by ICP-MS as modeled by the procedures of Hoque et al.14 
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APPENDIX  
GLOSSARY OF TERMS 
 
a. Coenocytes: also known as horny cells; dead keratin-filled, scaly or platelike, cells of 
the stratum corneum. 
b. Daphnia magna: known as the “Giant Water Flea;” a crustacean, used as fish food in 
aquariums and fish ponds. Daphnia magna can reach a size of 1/5 of an inch in diameter. 
c. Endothelia: plural of endothelium; a thin layer of flat epithelial cells that serous 
cavities, lymph vessels, blood vessels.91 
 
d. Epithelia: plural of epithelium; the outside layer of cells that covers all the free, open 
surfaces of the body including the skin and mucous membranes that communicate with 
the outside of the body.92 
 
e. Fibroblasts: a type of cell found in connective tissue; produces collagen.93 
 
f. Haemotology:  the study of blood, blood clotting, blood forming organs, and blood 
diseases.94 
 
g. Histopathological observations: the study of microscopic anatomical changes in 
diseased tissues.95 
 
h. Lactate dehydrogenase: (LDH) An enzyme that catalyzes the conversion of lactate to 
pyruvate, which is an important step in energy production in cells; some organs such as 
the heart, kidney, liver, and muscles are rich in LDH.96 
 
i. Lamellae: structures involved in respiration, and are of two types: the primary and 
secondary gill lamellae that increase the amount of oxygen intake of the blood in fish.97 
 
j. Macrophages: a type of white blood cell that ingests or takes in foreign material; key 
player in immune response to foreign invaders such as infectious microorganisms and 
help destroy bacteria, protozoa, and tumor cells.98 
 
k. Mucocyte: a mucus-secreting cell.99 
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l. Na+K+-ATPase: known as the potassium pump, this is a mechanism that involves 
energy-dependent pumping of potassium or the active transport of the potassium ion (K+) 
across a biological membrane using the energy of K+-activated adenosine triphosphate.100 
 
m. Neutrophils: A type of white blood cell, specifically a form of granulocyte, filled with 
neutrally-staining granules, tiny sacs of enzymes that help the cell to kill and digest 
microorganisms it has engulfed by phagocytosis.101 
 
n. Oedoema: swelling of organs, skin and other body parts caused by the build up of fluid 
in the tissues.102, 103 
 
o. Osteoblasts: large cells responsible for the synthesis and mineralization of bone during 
both initial bone formation and later bone remodeling; closely packed sheets on the 
surface of the bone.104 
 
p. Oxidative stress: physiological stress on the body that is caused by the cumulative 
damage done by free radicals inadequately neutralized by antioxidants and that is held to 
be associated with aging.105 
 
q. Stratum Corneum: shown Figure 7, it is one of three layers of skin, made up of dead, 
flat skin cells; for most substances, the stratum corneum is the rate limiting barrier 
against the percutaneous penetration of topically applied substance; described as having a 
“brick and mortar” structure which provides a defense against UV radiation.106 
 
r. Thoracic legs: crustaceans have eight pairs, one or more of them modified for the 
purpose of feeding.107 
 
s. UVA radiation: radiation given off by the sun in the wavelength range of 320 to 400 
nm; believed to be the major contributor to skin damage; the intensity of UVA radiation 
is more constant than UVB radiation; not filtered by glass. 108 
 
t. UVB radiation: radiation given off by the sun in the wavelength range of 290 to 320 
nm; it affects the outer layer of the epidermis, most intense between the hours of 10 am 
and 2 pm, and is primarily responsible for sunburns; does not penetrate glass.109 
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